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TECHNICAL  NUMMARY 


(Dates  relate  to  attached  Chronological  list) 

» • 


One  particular  aspect  of  'Energy  Migration  in  Irradiated  Solids' 
has  been  emphasised  in  this  research,  namely  the  migration  of  energy 
from  an  irradiated  solid  to  acceptor  molecules  of  another  phase  in 
contact  with  the  surface  of  the  irradiated  solid.  Convincing 
evidence  for  this  type  of  energy  migration  has  been  developed  from 
studies  at  both  "GAS/IRR.ADIATED  SOLID’*  and  "LIQUID/IRRADIATED  SOLID” 
interfaces. 

Initially  (1972  and  1973)  studies  of  such  Interfaces  were  made 
with  closed  systems  under  continuous  illumination  at  low  intensity. 
Using  UV-photons  of  wavelengths  absorbed  by  the  solid  substrate 
but  not  by  the  acceptor  molecules  in  contact  with  the  surface, 
kinetics  and  mechanisms  of  photoassisted  chemical  changes  were 
established  for  the  systems:  Aqueous  Elcchrolytes/ZnO  ; gaseous 

Methyl  Halides/ZnO  . An  inherent  limitation  of  the  studies  on 
closed  systems  with  continuous  low  intensity  illumination  was 
their  inability  to  distinguish  between  fant  snd  slow  photoassisted 
processes.  Conclusions  therefore  rested  upon  «7etailed  chemical 
study  of  long-term  changes  in  acceptor  loleculcs,  brought  about 
slowly  by  uv-illumination. 

Later  the  technique  of  eJ.ectron  spin  resonance  was  successfully 
applied,  for  the  first  time,  to  continuously  circulating  aqueous 
suspensions  of  zinc  oxide  in  order  to  provide  new  insight  into  faet 
changes  occurred  simultaneously  within  the  illuminated  semi- 
conducting solid.  (1973,  '74).  An  important  unifying  feature  of 
the  detailed  mechanisms  developed  for  the  energy  transfer  process 
at  these  illuminated  interfaces  was  the  central  role  played  by 
charge-transfer  processes  involving  photogenerated  electrons  and 
electronic  holes.  Indications  wesre  obtained  from  these  studies 
that  quantum  efficiencies  of  the  observed  chemical  changes  depended 
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upon  the  c-:<tont  ho  which  clcctron-holc  recombination  processes 

j ^ I 

competed  with  the  chemical  processes  under  study. 

The  research  effort  entered  a new  phase  in  1975  with  the 
development  at  U.C.C.  of  unique  apparatus  for  applying  Dynamic 
Mass  Spectrometry  and  related  fast  detection  techniques  to  time- 
resolve  processes  initiated  at  GAS/METAL  OXIDE  interfaces  by  50ps 
pulses  of  uv-photons.  Initial  studies  of  photoasslsted  interactions 
of  flash  illuminated  2n0  or  TiOa  with  NjO  or  CjHsOH  were 

expanded  to  include  studies  with  isotopically  enriched  gases 

and  CsDsOD.  The  technique  successfully  time- 
resolved  faat  flash-initiated  surface  processes  (such  as  surface 
photolysis,  or  photodesorption  of  chemisorbed  oxygen,  or  release  of 
alkene  products  from  alcohol  photodehydration)  from  olowev  surface 
processes,  (such  as  post-flash  uptake  of  oxygen  by  active  surface 
sites,  or  release  of  products  of  alcohol  photodehydrogenation). 

These  studies  have  resulted  in  extended  publications  (1975  and  1976)* 
* describing  in  detail  this  interesting  new  technique  and  the  type 

. of  results  which  can  be  obtained  from  it.  Implications  of  these 

% 

results  for  'Energy  Migration  within  Solids  and  across  their 
. Interfaces'  will  be  presented  at  a Conference  to  be  held  under  that 
title  at  University  College  Cork  in  September  1976. 


* Copies  of  the  four  most  recent  scientific  papers  in  1976  are 
appended  to  this  report  since,  unlike  other  publications 
listed  on  the  following  pages,  copies  have  not  previously 
been  supplied  to  EOAR  and  AFOSR. 
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1976  - PUDLICATIONS 


H’Luoh  inltiatrd  Suvfacci  Rcaationo  on  ZnO  and  TiOi  otudiad  by  ! 

Dynan-ia  //aoa  Speatronatvy 

Joseph  Cunningham  and  Nicolas  Samman 

Chapter  17  in  Volume  4 Dynamic  Haao  Spectrometry  (Editors,  Price  and  I 
Todd)  Pages  247-271.  Published  1976  Heyden  and  Sons.  London.  | 

*rhotocffccta  involving  0xygen~l8  at  flaBh-illuminatad  SnO  and  TiOz 
Surfaoea 

Joseph  Cunningham,  B.  Doyle  and  N.  Samman 
JCS  Farad.  Trans.  I (1976)  Vol.  72  1495-1^98. 

1976  - PAPERS  CQKMUN'^’.CATED  TO  SCIENTIFIC  MEETINGS 

, *Oxygen  Intermediatoo  at  flaoh^illuminated  Hctal  Oxide  Surfaoea  atudiod 
by  Dynamic  Maaa  Spectrometry 

Joseph  Cunningham,  B.  Doylc%,  D.J.  Morrissey  and  N.  Samman 

Paper  accepted  for  presentation  at  Sixth  International  Congreoa  on 

Catalyaiaj  London,  July  1976. 

*Active  Sitae  for  Dehydration  and  Dehydrogenation  of  Aliphatic  Alooholo 
over  ZnO  and  TiOz  at  25-30^0 

Joseph  Cunningham,  K.  Hodnett,  Paul  Neriaudeau  and  D.J.  Morrissey 
Paper  accepted  for  presentation  at  Fifth  Iberoamerioan  Sympoaium  on 
Catalyaio,  Lislk)n,  July  1976. 

Prooeaaao  contributing  to  Energy  Diaoipation  at  Surfaoea  of  Flaah-^ 
illuminated  Metal  Oxidea  I 

Joseph  Cunningham 

To  be  presented  at  EdCIIEM  Conference  on  "Migration  of  Charge  and  Energy 
within  Solids  and  at  their  Surfaces"  22-24  September,  Cork,  Ireland. 


1975  - PUBLICATIONS 


rhotoaaoiatcd  Suvfaco  Unaatiom  !ftud*cd  by  Dynamic  Maaa  Spcatvonotry 
Joseph  Cunningham#  Eoin  Finn  and  Nicolas  Samman 
Faraday  Discussions  of  the  Chemical  Society  No.  58,  pages  160-174. 

Rcaationa  Involving  Electron  Tranvfor  at  Semiconducting  Surfaoea: 

VI.  Electron  Spin  Reaonanae  Studira  on  Dark  and  Illuminated  Aqueous 
Suspensions  of  Zinc  Oxides 

Joseph  Cunningham  and  Sean  Corkery 
Journal  of  Physical  Chemistry,  (1975),  7_9,  933-941. 

1975  - PAPERS  COMMUNICATED  TO  SCIENTIFIC  MEETINGS 


Fast-detection  Studies  of  Radiation-induced  Effects  at  Aqueous 
Eleotrolyte/Hetal  Oxide  Interfaces 

Presented  by  Joseph  Cunningham  to  an  informal  Symposium  at  Max  Planck 
Institute  fur  Blophysikalische  Chemle,  Berlin,  February,  1975. 

* Dynamic  Hass  Spectrometry  applied  to  Flash-initiated  events  on  ZnO 
Presented  by  Joseph  Cunningham  at  an  informal  Symposium  on  ZnO  at 
Free  University  Berlin,  February  1975. 

1974  - PAPERS  PUBLISHED 


Reactions  Involving  Electron  Transfer  at  Semiconductor  Surfaces: 

V,  Reactivity  and  Electron  Paramangnetic  Resonance  of  Electron 
Transfer  sites  on  Rutile 

Joseph  Cunningham  and  Anthony  L.  Penny 
Journal  of  Physical  Chemistry,  (1974),  7^,  870-875. 

Net)  Techn  ’.que  for  the  Study  of  Selective  Reactions  at  Rutile  Surfaces 
Joseph  Cunningham,  Eoin  Finn  and  Anthony  L.  Penny 
Chemica  Scripta,  (1974),  6,  87-88. 

1974  - PAPERS  COMMUNICATED  TO  SCIENTIFIC  MEETINGS 

Flash-initiated  Surface  Reactione  studied  by  Dynamic  Mass  Spectrometry 
. Paper  presented  by  Joseph  Cunningham  to  Fourth  International  Symposium 
on  Dynamic  Mass  Spectrometry  held  at  University  of  Salford,  July  1974. 


X974  - PAPERS  COMMUNXCATED  TO  SCIENTIFIC  MEETINGS  (Contd) 


Vhotocxidation,  l^hotod(thydrog«nation  and  Pkotadohydration  on  Matal 
Ox'Uia  Catalyois 

delivered  by  Joseph  Cunningham  to  Conference  on  Hodern  Davatopmanta 
in  Induatrial  Cataiyaio  at  Imperial  College  London#  July  1974. 

rhoboaaaiatad  Surfaaa  Haaotiona  atudiad  by  Uynania  Haaa  Spaotronatry 
presented  by  Joseph  Cunningham  to  Faraday  Discussion  on  Photoaffaota 
in  Adaorbad  Spaoiaa  held  at  Cambridge#  England#  September  1974. 

1973  - PJBLICATIOW8 


ESP  Studiaa  of  Aquaoua  Suapanaiona  of  Zino  Oxida 

Joseph  Cunningham  and  Sean  Corkery 
Ch4.uical  Phys.  Lett.#  (1973)#  21*  421-425. 

1973  - PAPERS  COMMUNICATED  TO  SCIENTIFIC  MEETINGS 

Kola  of  Surfaoa  Charga  in  Raaetiona  at  METAL  OXIDE/AQUSOUS  ELECTROLYTE 
Intavfaoaa 

Presented  by  Joseph  Cunningham  as  Paper  No.  7 at  a Faraday  Society 
Informal  Discussion  at  University  College  Cork#  4 s 5 January#  1973. 

Rolaa  of  Surfaoa  Stataa  and  Surfaoa  Charga  in  Raaetiona  at  METAL  OXIDE/ 
GAS  Intarfaoaa 

Presented  by  A.L.  Penny  as  Paper  No.  16  at  a Faraday  Society  Informal 
Discussion  held  at  University  Co'* lege  Cork#  4 4 5 January#  1973. 

Prooaaaaa  at  Samioonduotor  Surfaoaa  atudiad  by  Faat  Dataotion  Taohniquaa 
Presented  by  Joseph  Cunningham  at  Infonsal  Seminar  in  Universite  Claude 
Bernard#  Villeurbanne#  Lyon.  September  1973. 

1972  - PUBLICATIONS 


Raaotiona  InvolOb'ng  Elaotron  Tranafar  at  Samioonduotor  Surfaoaa: 
IV,  Zina  Oxida  promotad  Photoraduotiona  in  Aquaoua  Solutipna  at 
Nautral  pH 

Joseph  Cunningham  and  Ranaa.  Zainal 
Journal  of  Physical  Chemistry  (1972)#  Ji,*  2362-2374. 


1972 


PUBLICATIONS  (Contd) 


I!ija>ytion»  Xnvalvinj  Klcatvon  TransJ'cy  a£  Si^misoniustoP  Cui*faa0a: 
III,  ' Oisnisaiation  »/  Methyl  Iodide  ooer  Zina  Oxide 

Joseph  Cunnlnghao  and  A.L.  Penny 
Journal  of  Physical  Chemistry  (1972)/  76,  2353-2361. 

1972  - PAPERS  COMMUNICATED  TO  SCIENTIFIC  MEETINGS 


Energy  Trantfer  at  Senieonduetor  Surfaeee 

Presented  by  Joseph  Cunninghasi  at  Philips  Research  Laboratories/ 
Eindhoven/  6 April/  1972. 

Energy  Migration  in  Irradiated  Solide 

Presented  by  Joseph  Cunninghasi  at  APOSR  Contractors  Meeting/ 
Santa  Birbara/  California/  Septenber  1972. 
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Flftsh-lnitiitcd  Sttiface  Reictioiis  on 
Zinc  Oxkk  and  Tllnninm  Dioxide 
Studied  by  l>ynanilc  Mass  Spectrometry 

JOSEPH  CUNNINGHAM  and  NICOLAS  SAMMAN 

Chm^stry  Dtpattmtnt,  UntvmiiyCoUtteCork,  Irtiand 


Thii  eh«p(cf  (kicribes  rciulii  cf  in  whkh'fu(*respoAM  m»u  $pecttomctiic 

ikicction  it  »ppikd  to  the  study  of  photwffects  M the  surfKcs  of  oxUic  ntnlysts.  No 
major  dc^ciopnKm  or  innovaikm  in  dj-namic  mass  siwctromcicr  icchu.4u«  uais  n««ded  for  the 
upenmenis  describetl.  Emphasis  has  been  concentrated,  rather,  on  exploring  the  advantafes 
and  Iwniiaiiont  InhcroK  in  apptkaiion  of  routine  dynamic  mast  spectrometric  techniQuci  to  the 
study  of  transient  cltaities  in  gat  composition  produced  by  pulses  of  UV  illumination  incident 
on  catalyst  surfaces.  Zinc  oxi^  and  titanium  dioxide  were  selected  for  study  at  representative 
semkonductinf  metal.oxide  catalysts,  because  of  the  availability  of  extensive  backcround 
Information  on  theit  surface  and  catalytic  ptopertiet  and  how  these  ate  affected  by  UV 
Illumination.''*  This  liittrature  Indkates  that  chrmiec  in  composition  of  the  gas  phase  above 
«.  UV.illuminated  metal-oxide  catalysis  may  oriiM<**((  from:  (i)  photolysis  of  surface  layers:' 
(li)  photoassisied  decreaws  or  increases  in  the  number  of  adsorbed  molecules  or  ions  on  the 
illuminated  surface  (termed  photndesorption  and  photoadsorpiion.  respectively,  photosorption 
* collectively):*  (iii)  enhanced  reaction  between  the  illuminated  surface  and  components  of  the 
gas  phase  (lenncd  (^o-assisted  gas/surface  reaction);  (iv)  enhanced  catalytk  activity  of  the 
illuminated  surface  in  promoting  reaction  between  components  adsorbed  onto  the  metal 


Tabic  I . i'roccites  reported  to  affect  gas  phase  above  UV.itWmlia'.ed  3ir.c  oxtdc  or  iitaiuum  dioxide. 


hlHClS 

Rekfcnrc 

PHOTOLYSIS  or-  SURI-ACI!  UYF.R 

ZnO  +*•<■— ZnO*  —*Zn»  U}  + IflOi  (g) 

1 

moTOsoRmoN 

xOitadilfTiOi  ^»0i(()-t-0r'l)0|(»don'l0, 

S.IO 

PltOTOASSISTUDCAS  SOUl)  REACTION 

ZnO*  + N,0  (id»)  — ► Ni  (jt5  + a (aCi)/2nO 

58 

110 /ZnO*  + COJ  fgl^ — M7ZnO  + CD, II 

59 

NIOTOCATALY.SIS 

1/20,  (gi  + CO  (g)  + ZnO*  —*C0,  (g)  + ZiiO 

4.5,6 
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oxklc  f(om  Jh«  |M  ph»»c  (tcmtcd  phoiocaul^t).*'*  The  usmpks  of  these  jHOcciw  liven  in 
Table  I «ctc  mcasutetl  by  vmkkiv  wothm  using  continuous  iow-intensity  UV  jtluntinatlon. 
v^hetcas  the  new  «o<k  tlescrlbcd  in  this  chapter  has  been  mainly  cauicti  out  «$th  high>lntcnsity  , 
pulses  of  UV  illumination  with  duration  ca.  SO  >*s.  A brief  review*  of  published  work  on 
photocffects  at  gas.>mctal  oskle  interfaces  relevant  here,  both  as  an  Introduction  to  the  nature 
of  gas— metal  oside  Interactions  and  in  identifying  mechanisms  by  which  UV  photons  modify 
such  interactions.  Since  photoeffecis  tnvolving  osygen  have  received  partieularly  estensivc  , 
attention  in  the  literature,  ‘v  will  be  convenkm  to  treat  these  separately  in  Section  2 of  the 
present  chapter  and  then  to  present  data  on  other  gases  in  Section  3. 


2.  flHstoeffeets  hivtiKtin  twtynto  ottMe  twid  tMatiiiiw  dtnatde  aiirfacea 


A.  INTRODUCTION 

An  oaygen  defickncy  hat  been  repotted  for  ainc  oaldc  and  titanium  dioaide  surfaces*  * ’ 
and  patikulatly  for  samples  preactivat^  In  vacuum  at  400*0  such  as  were  Investigated  in  the 
present  study.  Eapetlmenial  observations  on  photoeffeets  over  titanium  dioai^  surfKCS 
exposed  to  continuous  UV  illumination  have  been  variously  interpreted  as  providing  support 
for  each  of  the  processes  listed  In  Table  I.  Several  workers  have  demonstrated  by  ESR  and 
partial  pressure  analysis  that  surface  photolysis  occurred  wtith  formation  of  surface  Ti*' 
centres.*  * * Photodeswption  of  preadsorbed  oxygen  has  also  hem  rcportcsl*  * over  reduced 
surfaces.  The  rcvtrK  process.of  oxygen  photoadsorptkm  has  been  observed*  '*  and  corrciaicd 
with  the  surface  concentration  ofTi'*  specks  on  reduced  Uianlum  dioxide  samples  or  with 
surface  hydroxyls  on  fully  oxygenated  surfaces."  The  UV>illumlnatcd  titanium  dioxide 
surfaces  also  catalyse  partial  oxi^iion  of  hydrocarbons." 

For  zinc  oxide  surfaces  the  foUowing  parameters  have  been  reported  as  determining 
whether  photoadsorption  or  photodesorption  predominate;'  oxygen  partial  pressure:"  extent 
of  metal  excess  non<stokhiomctry:*  conceniralion  of  conduction  band  ctectrons;  and  position 
of  the  Fermi  level.'*"  Corrctaliom  between  photodoorpiion  and  photoconductivity  arc  toquited 
by  varkws  models  for  migration  and  trapping  of  tkclronic  holes  at  the  Ulumioated  Imerface,'*"' 
and  Meinkk  has  reported  such  corteiaiiont."  Since  photoconductivity  studies  have  revealed 
' fast*  and  'slow'  photoprocesses,  photosorptkm  processes  may  likewise  be  expected  to  exhibit  * 
fast  and  slow  components.  It  has  recently  been  suggested  by  Tanaka  and  IMyholdcr  that  the 
slow  step  in  photocatalytk  oxidation  of  c.abon  mottoxlde  over  zinc  oxide  Is  formation  of  O'  , 
ions  on  the  surface."  I^olysis  of  zinc  oxide  has  also  been  reported  and  evidence  presented 
that  presence  of  excess  metal  or  of  ciectron'irapping  specks  may  modify  surface  phMolysis." 
as  has  been  reported  for  NaNi." 

Finally,  a brief  summary  of  current  Ideas  on  how  surfaces  of  zinc  oxide  and  titanium 
dioxkk  samples  may  be  modified  by  adsorbed  oxygen  Is  appropriate  In  this  Introduction. 
EIcctronk  ihMxks  of  chemhorptioir  doCTibe  such  modincatkms  in  terms  of  'collective  cWciron* 
energy  kvels  at  and  close  to  the  surface.*  **'*  Figure  1(a)  illustraies  the  cnergy*band  model 
applicable  within  the  bulk  latilw  of  non>stokhh>fnctrk  zinc  oxide  or  titanium  dioxkk. 
Ouigassing  these  mainials  in  vociw  to  icmpcraturcs  of  300—400'C.  as  wax  used  to  precondition 
surfaces  in  the  present  study,  is  reported  to  enhance  extent  of  metal>«xon^  .ton'Stoichlometry 
in  surfKe  layers,  above  that  In  the  bulk.* ' Such  additional  surface  excess  of  lonizabk  donors 
Is  schematically  denoted  In  Fig.  1(b)  and  can  result  In  excess  positive  dtarge  close  to  the 
surfKe,  with  a correspo^tding  enhancement  of  electrons  in  the  condtetion  band  within  the 
bulk.  According  to  the  'coil^ive  electron'  description,  such  seoaration  of  charge  should 
result  in  downward  bending  of  energy  bands  as  illustrate  in  Pig.  1(b).  A sKuation  formally 
similar  to  that  In  Fig.  1(b)  can  resuH  if  adsorbed  atoms,  moiccuies  or  ions  inject  electrons  into 
the  bulk  conduction  band  in  the  process  of  adsorption,  thereby  kaving  positively  charged 
species  at  the  surfKc.  Hydrogen,  carbon,  monoxide  and  some  oxygenate  hydrocarbons  are 
reported  as  adsorbing  onto  zinc  oxide  with  lekaK  of  eketrons,"-"  whkh  corresponds  to 
cumulative  chemisorption  and  tends  to  produce  downward  band*bcnding  as  in  Fig.  1(b). 

Oxygen  adsor^ion  onto  zinc  oxkk  or  titanium  dioxide  is  reported  as  giving  rue  to 
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flit  L ‘CoJkctivt  ckvtffln'  »Joc»tp«l«fl  of  tkxrtrofl  cn<f|y  kvt!i  the  bulk  w In  ih< 

rrtiont  of  i)on*ilokhk»fl*dfle  n-type  ZnO  »«J  TiOi.  H..».»n»l  lopwhtly,  ijw 

lo»e«  OK'tf  «•*«  condwtfon  b»d  ot  highest  In  ih«  v»k««  »nJ  tV. 

E,  iknotes  ctwty  lotU  of  itonof  etnWes  »u<h  m aco»  n»d»l  »nJ  E,  KrtcMOU  lb«  tqwhbilum 
Itnnl  kwl,  (ijSicuMktn  »hWn  thcMk  e<  n«Mhc  MnfKe  In  ‘lUi-bMa’  cowMiow.  (b)  Swfw 
iwhiiive  »iih  »of«t  10  bulk.  v.Uhilounu»ttl  b«uM«  btoding  with  u n»y  m««c  from  eumuU«l« 
ch«ntM<p(ion  «)  fctfKC  iKgMisc  i»ith  Idpoct  to  bulk,  ulih  u|>urwd  bum!  bending  »uch  m 
nuiy  ofiglnfic  Um  «kpkti«  chonlweplion. 

tkpleti«  chcmiKwptfon,  nhkh  envii»|ts  ciich  dxmlsofbctl  o*y|<n  M tocalWng  »n  eWetron 
ft  om  ihe  conduction  bwu  ti  uk  «ic$  of  »d«HMlon.‘*  The  tesulunt  accit  ncfatlve  ch»ne  •( 
the  surfKc.  due  10  »pecl«  re*emWin|  0,*.  O*  of  0** , mny  be  repf denied  In  colkctlye  ^[on 
ddCfIptlonJ  M pfodudng  the  upnard  bending  of^tn«|y  bonds  neof  the  surfoce  depicted  m 
F(|.  1(c).  Direct  oldotcc  In  luppon  of  this  repfoenloilon  hw  conie  front  measurements 
showing  Inaeasingly  negatite  surface  potential  on  cadmium  sulphide  (CdS)  single  crystals  In 
the  dark  at  Increasing  oxygen  pressures,**  and  from  direct  ESR  evideoce  for  the  formation  of 
Oi'  on  line  oxide*'  '•  and  titanium  dioxide.*  Indirect  evidence  for  depletive  chemisorption  of 
oxygen  onto  yinc  oxide  samples  as  0,"  or  O'  ions  has  been  deduced  from  oxygen-induced 
decreases  in  electrical  conductivity  of  line  oxide  samples,**-*'  using  the  aiterion  that  inweaied 
* resistin'ty  of  the  samples  rcRects  fewer  mobile  electrons.  On  the  basis  of  this  criterion, 
measurements  of  changes  in  electrical  conductivity  accompanying  adsorption  have  been 
widely  used  as  a convenient  indicator  to  the  depletive  or  cumulative  nature  of  gas-semi- 
conductor Interactions.  Serious  questions  as  to  the  validity  of  this  criterion,  at  kast  for 
titanium  dioxide  samples,  have  been  raised  by  Crucq  and  Degols  on  the  basis  of  their  studies 
on  the  frequency  dependence  of  conductivity  on  rutile.** 

Direct  observation  have  been  reported  on  the  influence  of  oxygen  on  ciirface  potential 
of  line  oxide  during  oxygen  photosorpiion  .**  Deaeases  in  the  number  of  surface  Or  radicals 
have  been  directly  monitored  by  ESR  during  oxygen  photodesorption  from  xinecr'-k.**-**  la 
terms  of  collective  electron  models  of  the  O, /metal  oxide  interface,  such  oxygen  photodesorp- 
iIm  effects  have  been  related  to  the  following  processes: 

Depletive  chemisorption  In  the  dark: 

C f «Ra 

Oi(g)  Oi(ads)  ••  0/(ads)  (I) 

Photoactivatlon  of  the  metal  oxide  (MO): 

MO  +Av-  (e  + h)/MO*  ••  e*  + h*  (2) 

Interaction  of  adsorbed  oxygen  with  photogenerated  species: 

0,'(ads)  + h*  - 0,(g)/M0*  - 0,(g)  + MO  (3) 

0,*(ads)  + (e  + h)/ZnO*  - 0.(g)  + hVZnO  (4) 


or 
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i’fOccss  (I)  should  jtivc  rise  «o  ihc  up^-aid  b»m.'*bi;ndin|:  depleted  in  Fig.  Ue).  litis  band-bending 
ihttuld  in  imn  attract  lioles  pbotogeocrated  by  (2)  lotaards  tlic  surface,  there  to  react  with  oxygen 
tons  via  (.1)  or  (4)  and  thereby  decrease  the  negative  surface  potential  below  that  established  by 
(Din  the  dark. 

Direct  nSK  evidence  for  photoinduced  increases  in  numbers  ofO|  radicalson  titanium 
dioxide  has  been  obtained  during  phoio.idsorption  of  oxygen.'*  Tticse  and  other  oxygen 
pliotoadsorpiion  effects  have  been  analysed  for  agreement  with  collective  electron  models.'*’" 
but  the  rather  cotnplcx  iicatments  needed  to  acccunt  for  observed  results*  are  beyond  llic  scope 
of  this  brief  introduction.  It  must,  however,  be  noted  that  In'rcasing  emphasis  has  been  given 
in  recent  years  to  alternative  models  of  real  surfaces  which  rmphasi/.e  special  properties  of 
unique  localired  surface  sites'***  rattier  than  cxsikctise-electron  propettics  of  the  entire  surface. 

On  /ine  oxide  or  titanium  dioxide  localired  surface  sites  with  characteristically  high  activity  for 
clicmisotplion,  catalysts  or  phoioeffccts  may  take  several  forms:  svr/ace  dtfMs  (such  as 
oxygni  vacancies  on  titanium  dioxide  or  excess  metal  on  both  rinc  oxide  and  titanlunt  dioxide); 

asoliervalcni  ions  or  adsorbed  oxygen  ionsonzin'^xldcand  titanium 
dioxide!:  or  surfoct  stales  (originating  because  the  surface  is  ncccssari  discontinuity  and 
components  of  an  otherwise  ideal  lattice  situated  at  such  a discontinuity  must  posses  partially 
unsaturated  valciKies  and/or  incompicteiy  compensated  charges).**  Evidence  for  the  occurrence 
and  migration  of  oxygen  varandcs  in  titanium  ,ik>xide  samples  lias  come  from  many  studies,*  *'  ** 
but  results  on  zinc  oxide  do  not  favour  existence  of  oxygen  vacancies  in  that  material,  except 
after  exposure  to  Irradiation  by  high-energy  radiations  or  electrons."  ESR  evidence  has  been 
reviewed*  for  Ti'*  radical  ions  on  the  surface  of  titanium  dioxide.  Recent  results  of  caialylic 
studies  stipport  higli  activity  of  ir.ctal<xccss  surface  sites  on  titanium  dioxkk"  and  nnc  oxide."  " 
Zinc-rich  surfaces  of  zinc  oxide  have  been  obtained  by  cleaving  ZnO  single  crystals  In 
higti  vacuum  and  are  reported  to  exhibit  markedly  different  properties  from  the  geminate 
oxygen-rich  surface  simultaneously  produced  by  cleavaic.**  **  Recent  papers  by  Caios  and 
co-workers'* " dctnonsiraie  the  marked  innuence  which  a high  density  of  surface  states  can 
exert  on  photoeffects  in  zinc  oxide,  ‘riiey  obKrve,  in  the  presence  of  species  adsorbed  onto 
zinc  oxide  from  air.  phoioitiduced  transition  of  electrons  from  the  zinc  oxide  vxilence  band 
mio  surface  states  ca.  2 eV  below  the  conduction  band.  These  transitions  gave  rise  to  an 
Increase  in  surface  potential.  Since  this  is  opposite  to  the  effect  expected  from  collective 
electron  models  (c.g.  via  processes  3 or  4),  it  has  been  termed  by  Catos  and  co-workers  the 
'photovoliage  inversion  effoet'.**  This  and  related  effects  involving  surface  states  and  ether  ** 
unique  surface  sites  ate  likely  to  be  imponant  in  the  present  work  i which  UV-visible  and  IR 
photons  arc  incident  on  zinc  oxide  and  titanium  dioxide  surface/  It  should  particularly  be  ^ 
noted  tiiat  such  effects  may  be  opposite  to  those  expected  from  the  collective  electron  modets. 

B.  EXPERIMENTAL 

Tite  ccwrel  objective  of  the  present  study  to  employ  mass  spcciromet.lc  detection 
to  monitor  the  lime  profiles  of  changes  in  gas  ( npo»..cr.  initiated  by  the  incidence  of  SO  ps 
flash  of  U V light  onto  zinc  oxide  ut  titanium  dit  .de  surfaces.  A IS  cm  long  quadrupolc  mass 
analyser  tube  was  used  for  mass  analysis  with  associ.  ted  r.f.  supply  at  4 MHz  (for  the  m/e 
range  I —SO)  or  2 MHz  (for  the  m/e  range  4—200)  anfl  vcanning  controls  (built  according  to  a 
design  of  the  Dcparlineni  orEIcctronIcNand  EleclTicd  Engineering,  University  of  Liverpool). 

A l7-«iynodc  electron  multiplier  (EM)  was  found  necessary  to  achieve  requisite  fast  response 
and  sensitivity  at  onil  mass  rcsoluiion  with  <S*.V  valley.  In  order  to  avoid  spurious  photoeffects 
arising  front  (he  mridcnce  of  stray  photons  from  the  illumination  system  onto  the  clcctronmulii- 
plicr,  a relatively  long  (I  m)  r/Tit*i  with  several  bends  was  used  between  the  phoioreactor  and 
Ihc  clanronmukiplier.  Tlic  cquipmail  used  Is  shown  diagnunmaiicaliy  in  Fig.  2 and  resembles 
the  coriVi‘r.'.!onal  kinetic  flasli  photolysis  experiment  e.cccpi  that  the  steady  state  beam  of 
pliotons  ilirough  the  rezclion  vessel  via  a monochromator  to  a photomultiplier  was  replaced 
in  our  system  by  a steac^  :;ate  flow  of  m.olecnlcs  from  ih;  icsctlon  vessel  along  a bent  I m 
(light  path  to  the  ion  source  of  the  quadrupole  mass  spectrometer. 

With  the  exception  of  a IS  cm  Ion,::,  40  mm  OD  cylindriiad  glass  window  the  remainder 
of  the  ion-pumped  high-vacuum  system  depicted  schemalicatly.in  Fig.  2 was  fabricated  from 
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stainless  steel.  This  s>‘stetn  routinely  attained  total  residual  gats  pn»surcs  ofea.  lO**  N m'*  after 
thermal  outgassing.  Samples  of  zinc  oxide  or  titanium  dioxide  were  introduced  into  this 
s>‘stem  as  thin  la>'crs  presiously  deposited  onto  c>iindtical  quartz  substrates  of  geometric 
surface  area  O.OI  m*.  These  metal  oxlde/quartz samples  were  located  inside  the  IS  cm  long 
cylindrical  ‘viindow*,  which  was  of  Kodial  glass  for  most  experiments  and  scrs’cd  to  prevent 
light  of  wavelengths  <300  nm  from  entering  the  vacuum  system.  In  some  experiments  a greater 
proportion  of  the  UV  output  of  the  flash-tube  was  admitted  by  repiKing  this  Kodial  window 
with  a quartz  window*  which  transmitted  down  to  200  nm.  When  so  desired,  light  of  wave* 
lengths  <360  nm  was  effectively  excluded  from  the  system,  together  with  much  of  the  IK 
output,  by  wrappine  o Wratten  38A  gelatine  filter  around  the  Kodial  or  quartz  window-s.  It 
should  be  noted  in  Fig.  2 that  the  electron  multiplier  and  IS  cm  quadrapole  mass  filter  were 
located  very  close  to  the  ion  pump  to  achieve  minimum  system  pressure  at  their  location 
Results  described  in  this  paper  were  all  obtained  in  conditions  such  that  this  minimum 
system  pressure  did  not  exc^  10'^  N m'*.  as  indicated  by  the  meter  of  the  ion  pump.  Reactant 
gases  were  introduced  to  the  vacuum  system  via  metal  variablc-lcalc  valves  from  an  external 
gas-handling  system  from  which  grease  and  mercury  were  rigorously  excluded.  The  steady 
state  pressures  at  various  locations  in  the  system  was  monitored  with  Bayard-Alpett  ionization 
gauges  (cf.  Fig . 2)  and  did  not  exceed  10*'  N m*'.  Output  of  the  mass  filter  at  appropriate  m/e 
values  was  linearly  related  to  these  pr*»sures  over  the  range  lO**— 10*‘  N m'*.  A marked 
disadvantage  of  the  quadrupole  used  was  that  it  did  not  yield  ‘standard’  ion  fragmentation 
patterns,  but  exhibited  a greater  sensitivity  to  low  mass  numbers.  This  discrimination  necessit- 
ated extensive  calibration  with  known  gases  to  obtain  reference  spectra  for  comparison,  and 
this  was  done  for  all  the  reactant  gases  used  in  th«.  present  study. 
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Fit.  2.  Dynamic  mass  spectrometer  system  for  the  study  of  changes  In  gas  phase  pressure  and 
composition  caus^  by  nash-iniiiaied  surface  processes.  The  system  consists  of:  (i)  High-vkuum 
system,  comprising:  inlet  leak  valve,  I;  pressure  measuring  gauges,  H;  glass-wailed  photo- 
reactor,  C;  metal  oxide  layer,  MO;  hi^-conductancc  tubing,  B;  quadrupole  mass  spectrometer, 
QMS;  14-stage  electron  multiplier,  BM;  ion  pump,  IP;  and  liquid  nitrogen  cooled  bafne,  LNB. 
(ii)  Fast  detection  circuitry  compridng:  trigger  unit,  T;  variabie  delay  line,  D;  quaru  flash-tube, 
FT;oKiIloscope,  O;  and  fast  ampiKkr,  FA.  (iii)  Appropriate  electronic  supplies:  S(EM), 
S(QMS)andS(Fn. 


Preparation  of  materials 

The  zinc  oxide  and  titanium  dioxide  materials  u^  in  the  present  study  were  high-purity 
powdered  samples  obtained  through  the  courtesy  of  the  New  Jersey  Zinc  Co.  and  coded, 
respectively,  as  ZnO-SP300-78l  15  and  Rutile-MR*I28.  Impurity  content  of  these  oxides  were 
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low  (c.g.  <0.001^*  r*c,  Cu  or  Mn  in  ZnO  ami  <0.071i  Cli  In  TfOi).  Materials  were  also  alike 
in  surface  areas  (4  anil  5.4  m*  g*').  particle  sires  (0.2—2  p)  ami  reOcctance  spectra  (onset  of 
absorbance  at  ca.  390  nm  rising  to  a maximum  at  370  nm).  For  a few  experiments,  doped 
zinc  oxide  samples  were  used  and  corresponded  to  the  ZnO-SP500  material  treated  to 
Incorporate  lithium  (termed  Li*ZnO)  or  indium  (termed  ln«ZnO). 

Powdered  materials  were  taken  into  an  aqueous  slurry  with  triply  distilled  water,  or 
occasionally  fully  deuierated  water,  and  coated  onto  a quartz  substrate  as  a layer  of  thickness 
ca.  10**  m which  was  dried  in  a vacuum  oven  at  I lO'C  before  introduction  into  the  vKuum 
system.  After  bakc>out  of  the  entire  apparatus  at  250*C  until  the  pressure  fell  to  10**  N m’*,  a 
small  heater  was  placed  around  the  glass  section  of  the  vacuum  s>‘stcm  to  bake  out  the  metal 
oxide  at  250— 3S0*C  for  16  h.  A sequence  of  experimental  observations  on  such  samples  was 
usually  commenced  within  I h of  cooling  to  room  temperature.  Kesidual  gas  analysis  indicated 
<I0'*  N m*'  partial  pressure  of  ‘carbon  monoxide  plus  nitrogen*  as  the  major  constituents  of 
residual  gases  in  the  s)‘sicm  but  with  residual  oxygen  or  water  vapour  < 10*'  N m*'. 

Reactant  gases  nitrous  oxide,  oxygen  and  hydrogen  were  spectroscopically  pure  (BOC 
Grade  X)  delivered  in  Pyrex  break>xal  vessels  which  were  us^  as  received,  Isotopically 
labelled  '*N"N"0  and  CiDiOD  (cither  anhydrous  or  containing  5^  DiO)  were  supplied  by 
Stohler  Isotopes.  Oxygen  enrich^  in  "O  was  obtained  from  YidZ'Milcs  Laboratories  and 
deuterium  (99.9Y«  Di)  from  HOC.  Anhydrous  deuterated  methanol  and  methyl  iodide  were 
obtained  from  Prochem  and  used  as  received.  Reference  mass  spectra  of  each  rcKtant  gas, 
entering  tne  mass  spectrometer  via  a by>pass  which  did  not  expose  It  to  the  metal  oxide,  were 
determined  prior  to  each  experiment. 

Sample  Illumination 

In  order  to  investigate  'fast*  photolysis  or  photosorption  effects,  metal  oxide/quartz 
samples  were  exposed  to  light  pulses  of  50  ^s  duration  emitted  by  an  oxygen-quenched  xenon 
flash-tube  dissipating  200  J electrical  energy  per  Hash.  An  elliptical  reflector  housing, 
enclosing  the  Hash-lamp  and  the  cylindrical  glass  window  of  the  vKuum  system,  was  used  to 
deliver  emitted  light  to  the  sample.  Substitution  of  a potassium  ferrioxalate  Ktinometer  and 
appropriate  filters  at  the  position  normally  occupied  by  the  metal  oxidc/quartz  samples 
indicated  that  2 x 10"  photons  in  the  wavelength  range  300—400  nm  were  delivered  to  the 
sample  per  Hash  incident  through  a Kodial  glass  envelope.  With  a quartz  envelope,  the  total 
number  of  photons  with  wavelengths  200—^  nm  delivered  to  the  sample  was  5.4  x 10"  per  „ 
Hash. 

Fasl’delecllon  circuitry  ^ 

Rapid  response  in  the  electron  multiplier  detector  of  the  mass  spectrometer  was  desired 
in  order  to  follow  any  sudden  changes  In  gas  composition  within  the  vacuum  system,  as 
occasioned  by  Incidence  of  the  high-intensity  50  ps  light  pulses  onto  the  mstal  oxide.  For  this 
purpose,  fast-detection  circuitry  very  similar  to  that  normally  employed  in  Hctsh-photolysis 
apparatus  was  utilized  (see  Fig.  2).  The  response  time  of  the  detector  system,  with  the  ou(put 
of  the  multiplier  fed  into  an  oscilloscope  via  a low-pass  Filter  (to  eliminate  4 MHz  or  2 MHz 
ripple),  was  200  ps  and  was  not  the  slower:  step  in  the  ruponse  of  the  system  to  Hash-initiated 
changes  in  gas  composition.  Time-of-di/fusion  of  gas  molecules  from  the  Hash-ilmmlnated 
metal  oxide  interface  through  the  vacuum  system  to  the  ion  source  of  the  quadrupoie  appeared 
to  be  the  rate-limiting  step.  This  follows  from  data  which  demonstrated  that  rise  times  of  ion 
currents  corresponding  to  various  molecular  gases  generated  by  light  Hashes  varied  in  the 
manner  expect^  for  diffusion  (i.c  rise  lime  “m'"). 

Parallel  investigations  of  phoioeffccts  under  long-jimiod,  low-intensity  UV  illumination 
were  carried  out,  where  possible,  fot  compatison  with  high-in'.cnsity  Hash-inl'Jated  processes. 

For  such  experiments  the  outputs  of  $50  W mercury  arc,  25(>  W mercury- xenon  arc  or 
450  W xenon  arc  lamps  were  utili/ed.  For  phoiosorption  or  photolysis  .stud  es,  suitably  Filtered 
outputs  of  <hcse  lamps  were  incident  on  a ziiic  oxide  or  titanium  dioxide  sample  suspend  from 
one  arm  of  ahigh-sensiiivityekctrobalancc.  Samples  were  pre-equilibraied  with  the  adsorbing 
gas  in  the  dai':  at  ;xessures  ca.  10*'  N m*'  prior  to  recording  aivy  photoinduced  changes  in 
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weight.  This  eIcctrobaUncc  was  also  utilized  to  determine  the  extent  or  adsorption  of  the 
various  reactant  gases  onto  zinc  oxide  or  titanium  dioxide  at  room  temperature.  Adsorption 
^ isotherms  were  thus  obtained  at  higher  pressures  and  extrapolated  to  conditions  or  the 
present  experiments  in  order  to  estimate  the  percentage  or  surrace  sites  occupied  by  reactant 
gases  prior  to  UV  flashes. 

C.  RESULTS 


Pholoinisai 

In  slew  or  literature  reporu  that  UV  photons  incident  on  zinc  oxide  and  titanlunt  dioxide 
may  cause  photoh-sis  to  yield  molecular  oxygen  and  metal,  it  was  or  particular  interest  to 
monitor  ion  currents  at  the  corresponding  m/e  values  berore,  during  and  after  arrival  of  a 
high-intensity  light  pulse  onto  zinc  oxide  or  titanium  dioxide  surfaces.  The  mass  filter  was. 
therefore,  set  to  continuously  monitor  ions  with  m/e  32  and  time  profiles  were  measured  for 
changes  in  ion  current  caused  by  arrival  of  the  first  pulse  delivered  to  a 'fresh*  zinc  oxide  or 
titanium  dioxide  surface  under  the  lowest  residual  pressure  (Ify*  N m*')  attainable  with  the 
vacuum  s>’stem.  The  trace  shown  in  Fig.  3(a)  was  obtained  by  photographing  a slow,  appro- 
priately triggered  oscilloscope  sweep  before,  during  and  after  flash  illumination  of  a fresh  zinc 
oxide  surface  througli  a cylindrical  quartz  window.  It  demonstrates  a large  rise  in  Ion  current 


Fig.  3.  Oscilloscope  trace  recoriJinis  lllusitaling  the  time  profilex  of  nash-iniliated  increases  in  the 
mass  spectrometer  ion  count  at  m/e  32  and  attributed  to  oxygen  released  into  the  gas  phase  from 
ZnO  surfaces  due  to  photolysis:  (a)  oxygen  transient  from  the  first  flash  Incident  via  a quartz 
envelope  onto  a weU-ouigassed  ZnO  sample  at  a residual  system  pressure  of  10-*  N m";  (b)  initial 
rise  and  decay  of  the  oxygen  transient  generated  by  the  first  flash  incident  through  a Kodial 
glass  envelope;  (c)  time  sequence  illustrating  lack  of  reproducibility  in  transient  size  for  four 
flashes  delivered  at  ca.  5 s Intervals  through  Kodial  glass;  (d)  progressive  decrease  in  oxygen 
transient  for  five  flashes  Incident  at  20  $ intervals  through  quartz. 
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at  m/e  32  initiated  by  the  single  Rash  follo«^cd  by  a slower  decrease  back  to  the  prc>nash'lcvcl  * 
when  obscrs'cd  on  a time  scale  of  I s/div.  No  such  transient  was  observed  at  the  m/e  value  for 
zinc  vapour  or  any  other  m/e  values  ■—  except  those  for  ‘system*  transients  (sec  below). 
Tigure  3(b)  demonstrates  the  rise  in  Ion  current  at  m/e  32  on  a much  faster  time  scan  (20ms/div.). 
Comparison  with  output  of  the  Hashdubc.  as  monitored  by  a photodiode  and  displayed 
simultaneously  on  the  second  trace  of  the  storage  'scope',  confirmed  that  the  slow  rise  evident 
in  Fig.  3(b)  did  not  originate  in  the  lamp  pulse  but  originated  from  time^of-diffusion  from  the 
(lash  reactor  to  the  mass  spectrometer.  The  slow*  decay  of  signal  intensity  at  m/e  32  after  the 
pulse,  evident  in  1-ig.  3(a),  originates  from  the  pump-down  rate  of  the  ion-pump.  'Ilie  overall 
shape  of  the  initial  pressure  rise  and  subsequent  decrease  resembles  that  reported  from  thermal 
desorption  studies  with  subsequent  teadsorNion."  Applkation  of  the  kinetic  analyids  developed 
by  previous  workers,  with  insertion  of  appropriate  rates  of  pumping  by  the  ion  pump  and 
measured  rates  of  pressure  increase  caused  by  the  (lash,  indicated  that  the  maximum  reached  in 
traces  such  as  1-ig.  3(a)  is  a good  approximation  (within  lOT*)  to  the  true  maximum  which 
would  be  attained  in  the  absertcc  of  continuous  pumping  by  the  ion  pump.  The  latter  condition 
was  not  normally  used  in  the  present  study,  to  avoid  possible  evolution  of  contaminants  when 
the  ion  pump  was  switched  off.  The  maximum  reach^  ca.  200  ms  after  the  flash  for  transients 
such  as  that  shown  in  Fig.  3(a)  and  measured  under  continuous  pumping  is  taken  as  a good 
approximation  to  the  actual  pressure  increases  and  as  providing  a good  measure  of  the  relative 
magnitudes  of  transients  in  various  conditions  and  from  various  samples.  Observed  signal 
heights  were  converted  to  ‘equivalent  pressure  increases'  by  calibration  of  the  mass  spectro* 
meter  sensitivity  with  known  pressures  of  oxygen. 

When  light  was  incident  through  Kodial  glass  onto  titanium  dloxide/quartz  samples  In 
v-acuum  of  10'*  N m",  no  tranrient  comparable  in  intensity  or  behaviour  to  that  illustrated  in 
Fig.  3 was  detected,  despite  care  taken  to  prepare,  thermally  treat  and  flash-illumlnate  the 
titanium  dioxide  samples  in  conditions  identical  to  those  used  for  zinc  oxide.  With  photons 
incident  through  a quartz  envelope,  a small  transient  at  tn/e  32  was  sometimes  detectable  from 
fresh  titanium  dioxide/quartz  samples  but  it  was  lower  by  a factor  of  30  than  the  transient 
observed  from  a similarly  treated  zinc  oxide  sample.  Data  on  relative  pressure  increases  are 
suntmarized  in  Table  2,  column  3.  These  demonstrate  that  oxygen  evolution  from  zinc  oxide 
surface  in  vacuo  w*as  much  more  efficicni  than  from  titanium  dioxide  surfaces.  The  marked 
difference  between  extent  of  oxygen  evolution  from  zinc  oxide  and  titanium  dioxide  provides  , 
support  for  our  view  that  the  observed  effect  at  m/e  32  depended  on  specific  interaction  of  the 
light  (lash  with  the  metal-oxide  samples,  rather  than  with  the  system. 

I f traces  such  as  Fig  3(a)  originated  solely  from  photolysis  of  the  zinc  oxide  surface  with  •' 
release  of  oxygen,  similar  yields  of  oxygen  might  be  expected  from  successive  pulses.  Photo- 
graphs (c)  and  (d)  of  Rg.  3 demonstrate,  however,  that  magnitude  of  flash-initiated  transients 
monitored  at  m/e  32  decreased  progressively  to  a limiting  value  when  sucemive  (lashes  were 
delivered  to  the  same  zinc  oxide  surface  at  short  intervals.  However,  if  the  (lash-iliuminated 
zinc  oxide  surface  was  kept  in  the  dark  for  an  hour  or  longer  between  two  sequences  of  fiaslics, 
behaviour  sr.;'.ilar  to  that  shown  in  Fig.  3(d)  could  be  repeated.  A possible  interpretation  of  this 
behaviour  was  that  the  zinc  oxide  surface  riowly  acquired  a saturationcoverageof  dcpietively 
chemisorbed  oxygen  in  the  dark  by  interaction  with  residual  oxygen  piessure  (which  was  not 
measurable  but  <I0'*  N m*').  Flash-initiated  desorption  of  much  of  this  chemisorbed  oxygen 
might  then  account  for  the  observed  high  transient  at  m/e  32  by  the  first  (lash  delivered  after 
standing  in  the  dark  for  times  of  at  least  one  hour.  The  lower  yield  shown  in  Fig.  3(d)  for 
subsequent  flashes  delivered  to  zinc  oxide  surfaces  at  I mir.  intervals  might  also  be  understood 
on  this  basis,  since  a 1 min  delay  between  pulses  wouid  not  suffice  to  restore  saturation 
coverage  by  0/  at  oxygen  pressures  < lO"*  N m**. 

The  wavelength  dependence  of  oxygen  evolution  from  zinc  oxide  in  vacuo  was  studied 
in  an  attempt  to  determine  whether  the  variable  flash-initiated  oxygen  evolution  originated 
from  photolysis  of  surface  regions  of  rinc  oxide  or  from  photodesorpfkm  of  oxygen  r^adsorbcd 
between  (lashes.  The  literature  provided  some  basis  for  attempting  thus  to  discriminate 
between  the  two  processes,  since  photolysis  has  been  associated  only  with  photons  inside  the 
band  edge  at  380  nm  (and  usually  with  photons  of  2 <365  nm),  whereas  oxygen  phouidescrption 
had  been  reported  al  wavelengths  outside  the  band  edge*  (and  as  far  as  2oi500  nm).  A Wratten 
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Tab>c  3.  Maf  miu  Jc  of  nath-lRitUtCkI  oxvgcii  tramtcnu  ft oni  zinc  oxide  ami  iiiantuin  dioxide. 


.Steady  state 
oxygen  piexsuie 
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Metal 

oxide 

Initial  rapid  effect^ 
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.Slow  secondary  process* 
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2nO-SI*500 

+ 1 X la* 

sx  10" 

- 

- 

<3x  ur* 

TlO, 

+ 2X  to-’ 
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f Corresponds  10 photodexofixlonorphotodccompoxltlonofiheiolidxiiihf  , ca.  150ms. 

° Conesponds  lo  phoro-oxldwion  of  ilic  titanium  dioxide  surface  occurrlna  at  ilmo  2—20  s. 

it  il«  quimum  efficiency  of  phoiodcsorptlon. 

^ Is  the  quantum  efficient  of  photo>oxidailon. 

38A  filler  ofreresi  the  pouibiiUy  of  iransmiltini  a sltitificaiu  fraction  of  photons  active  for 
phoiodcsorption  but  very  few  photons  active  for  photolysis,  since  it  transmillcd  siinificanlly 
G>IVi)  ortly  in  the  wavd^h  range  3M— ^ nm.  Using  a potassium  ferrioxalale  actinometer, 
it  was  posable  to  sktemtine  that  the  number  of  photons  expmed  to  be  active  fo/  photodcsorp* 
tion  (it  <500  nm)  which  were  inci>Jent  through  the  38A  filler  and  quartz  windows  was  6 x 10" 
» per  flash.  No  measurabk  flash-initiated  oxygen  evolution  was  observed  for  zinc  oxide  surfaces 
In  ivcuo  for  this  photon  flux  incident  through  the  filter.  The  total  flux  at  200—500  nm  incident 
through  quartz  without  the  38  A filter  was  measured  as  54  x 10"  photons  |Kr  flash.  Although 
* this  represented  only  a ninefold  increase  in  inlensiiy  of  light  which  would  be  active  for  oxygen 
phoiodcsorption,  oxygen  evolution  was  enhanced  to  a much  irreater  extent  (at  least  flfiyfold. 
allowing  for  the  experimental  signal-to-noise  ratio).  It  appeared  from  this  extra  cnhancetncnt 
that  photolysis  by  phoion^r  at  200—360  nm  made  the  inyjor  contribution  to  nash-iniliated 
oxygen  evoiuiioit  from  zinc  oxkk  for  photons  incident  through  quartz.  Since  these  experiments 
showed  that  use  of  the  38A  filler  effectively  suppressed  contributions  by  such  photolysis,  this 
filler  provided  a convenicnl  method  for  stud>ing  pholosorption  processes  without  intcrferctiice 
by  photolysis.  Data  in  this  latter  conditon  are  presented  in  the  following  section. 

Oxyxoi  photosorpdon  processes  al  0,/ZnO  and  Oi/TiO  interfaces 

Oi/ZnO.  Figure  4 teproduces  photographs  of  oscilloscope  trace  recordings  which 
demonstrate  fiash-iriitialed  release  of  molecular  oxygen  from  an  Oi/ZnO  interface  under  three 
oxygen  pressures.  As  illustrated  in  photograph  (d)  of  this  figure,  flash-initiated  enhancement 
of  oxygen  pressure  hadarisetimeof200ms  at  each  pressure.  Figure  4(a)  demonstrates  that  at 
an  oxygen  pressure  of  10**  N m",  the  peak  height  of  the  transient  was  10  ± 2 mV  for  a sequence 
of  five  flashes  delivered  at  I min  intervals.  This  extent  of  reproducibility  contrasts  markedly 
^ with  the  lack  of  reproducibility  for  evolution  of  photolytic  oxygen  from  similar  zinc  oxide 

V surfaces  when  maintained  in  vacuum  of  10'*  N m"  and  flash-illuminated  without  use  of  the 

Wratlen  38 A filter  (compare  Fig.  4(a)  with  Fig.  3(d)).  Hereinafter,  any  reproducible  flash- 
initialed  release  of  molecular  oxygen  from  zinc  oxide  or  titanium  dioxide  shall  be  referred  to 
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%.  < OKilloico(K  irscc  rccotdinft  illuitriilni  ihc  lime  pronics  of  trintienls  (noductd  by  Ihe 
phouxle»or(i(ton  of  oxygen  from  7j\0/0,  Inierfactt  under  ihe  indiaied  prettutex  of  oxygen. 
In  all  cates  ihe  light  pulses  «scre  incident  sfa  a Wratien  38A  filler  and  iransicnti  «tre  monitored 
at  m/e  SI  (a)  Superposition  of  five  oscilloscope  traces  for  five  successive  pulses  delivered  at 
60  s Iniervals  vsiih  an  oxygen  pressure  of  10  * N m * (sensiiivity  S mV/div.)  (b)  four  iraees 
illustrating  reproducibility  of  oxygen  phoiodcsorplion  at  system  pressure  3.S  X I0*'N  m'* 
(sensitivity  10  mV/div).  (c)  Four  iraecs  illusiraiing  the  reproducibiliiy  of  oxygen  photodesorp* 
lion  at  a system  pressure  of  9 x IO'’Nm''  sensitivity  20  mV/div).  (d)  Initial  rise  of  the  (1ash> 
initialed  transient  attributable  to  oxygen  phoiodcsorplion  at  a system  pressute  of  Kr'N  m'* 
(sensitivity  2 mV/d!v). 


as  phoiodcsorplion  if  measured  in  conditions  which  render  insignificant  any  contributions 
front  phoiolytic  oxygen. 

Figure  4(b)  and  Fig.  4(c)  demonstrate  (hat  magniiude  of  flasii'initiaicd  phol'ydesorpiion 
by  photons  iransmiKcd  fhrough  filler  38A  did  not  increase  significantly  wisen  steady  state 
oxygen  pressure  w-as  increased  sixfold  to  9 x 10'*  N m'*.  These  photographs  demonstrate 
again  the  rcproducihitiiy  of  peak  heights  for  Hashes  delivered  a:  I min  intervals  but,  in 
addition,  they  illustrate  an  experimental  limitation,  viz.  that  as  steady  state  oxygen  pressure 
increased,  it  became  necessary  to  operate  the  dcleCk.dn  system  at  progressively  less  sensitive 
settings.  This  effectively  limit^  study  of  the  small  oxygen  photodesorplion  peak  of  0|/ZnO* 
to  pressures  <I0'*  N m'*  with  the  av’ailabic  detection  equipment.  This  limitation  will  be 
removed  in  future  studies  by  use  ofan  electronic  unit  to  ‘back>off  the  ion  signal  at  m/e  32 
and  so  permit  detection  of  tramients  on  sensitive  ranges  at  oxygen  pressures  up  to  ca.  10*'  N rn’*. 
The  data  in  Fig.  4 indicate,  however,  that  oxygen  photodesorption  is  effectively  independent 
of  pressure  at  steady  state  oxygen  pressures  in  the  range  10'*— 10'*  N m'*.  'This  in  turn  suggests 
that  only  a limited  number  of  sites  existed  on  the  zinc  oxide  surfacti  which  were  able  to  yield 
oxygen  by  photodesorplion  under  flash  illumination  by  light  transmitted  through  Wratien 
38A  filter.  Limitations  imposed  by  boundary  layer  theories  on  the  surface  concentrations  of 
Oi"  may  be  important  factors  limiting  the  efficiency  of  oxygen  phoiodesorption  to  the  low 
values  listed  in  Table  2,  column  4.  These  approximate  values  were  obtained  by  using  a potassium 
ferrioxalale  actinomeler  to  measure  the  number  of  360—300  nm  photons  transmitted  through 
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the  Wraiien  3SA  filter  v^lth  geometry  Identical  N^lth  that  used  for  the  phutodeiotpilon 
studies,  except  tliat  the  actinonieter  cell  replaced  the  metal  oxtde/quatix  sample.  Total  oxygen 
photodesorptlon  ix’as  obtained  by  muliiplying  the  height  of  the  observed  transient  at  ni/e  32 
by  an  oxygen  sensitivity  factor  experimentally  determines!  for  the  mass  spectrometer,  and  by 
the  system  volume.  Quantum  efficiencies  of  piiolodcsorption  (e^l  obtained  Irom  the  ratio  of 
these  two  numbas  are  probably  too  low  by  a factor  ca.  2,  since  tlie  white  zinc  oxide  or  titanium 
dioxide  surfaces  rellcctcd  many  of  tlie  -100-500  nm  range  piiotons  which  potauium  fcrrloxalate 
solutions  absoibed.  Measurements  with  another  Wraticn  gelatin  filter  (N'o.  40  transmitting 
450->700  nm  and  also  in  the  near  IK)  confirmed  this  point  since  the  photon  Hiix  was  approxi- 
mutdv  halved  but  no  oxygen  pliotodctor ption  was  detectable  despite  the  presciKC  of  450—500  nm 
photons  Tlie  negative  phoiodesorpiinn  result  with  this  Wratten  40  Idler  confirmed  the 
importance  of  3M— 450  nm  photons  for  oxygen  photodesorptlon  and  also  discotintc*d  the 
possibilitv  that  transients  such  as  those  in  big.  4 originated  from  surface  heating  in  the  Hash.  It 
thus  appears  that  the  data  m Table  2,  c'oltimn  3 represent  true  oxygen  photodesorptlon  and 
that  the  quantum  eflicicncies  there  listed  are  within  an  order  of  magmiitdc  of  the  true  value. 
They  chatactcri/e  oxygen  photcdesotpiiun  as  a highly  inzilicieni  process  when  initialed  by  ca. 
fi  X 10”  photons  in  the  wavelength  range  3fiU— 450  nm  delivered  as  a pulse  of  50  ms  duration 
to  0|  /nO  interfaces  at  sle.idy  state  oxygen  pressures  of  lO'*- 10’*  N m *. 

0,/Ti0i.  Mash  illtimmaiion  of  Oi<TiOt  systems  through  filter  3S  A resulted  in  time 
profiles  of  the  types  ilhisiraied  in  l-ig.  5(a).  Ttiese  flash-initiated  transients  indicate  an  tniti.al 
small  increase  (2.S  1.0  x I0‘*  N m ')  of  oxygen  pressure  reaching  its  maximum  ca.  O.S  s after 

the  flash.  Ttic  pressure  decrease  at  times  O.S— 2 s afier  the  Dash  apparently  carried  the  system 
pressure  to  values  slightly  lower  (l.S±  1.0  x IO'*Nin  ')  than  the  steady  slate  level  prior  to  the 
n.xsh.  Within  the  indicated  limits  on  reproducibility  neither  the  initial  rapid  Increase  nor  the 
subsequent  pcrsisieiit  decrease  was  markedly  dependent  on  oxygen  pressure  in  the  range 
10'*— 10“  N III ' when  light  was  Incident  through  the  38A  filler. 

Kanoval  of  tlie  38A  filter,  so  that  54  x 10"  photons  in  tlie  wavelength  range  200—500  nm 
became  incident  through  a quaric  window  onto  'he  0|/Ti0i  interface,  resulted  In  much  larger 
transients  which  look  the  form  shown  in  l-ig.  5(b)  at  i0**N  m*'  steady  state  oxygen  pressure. 
The  lime  profile  cf  this  transient  reveals  much  more  clearly  than  that  of  Fig.  5(a)  the  dual 
nature  of  the  nrsh-iiiliaied  transient  at  rr/e  32:  an  initial  rapid  pressure  increase  of  6 x I0’*N 
m ' Is  succeede  J by  deoxy  at  2 :s  to  a pressure  lowered  by  the  same  amount  relative  to  the 
. pre-flash  steady  state  O'.ygen  pressure.  I’crsisiencc  of  reduced  pressure  is  still  evident  at  8 s after 
the  flash.  Such  titne  profiles  were  fully  reproducible  for  a short  sequence  of  flashes  delivered 
at  1 mm  intervals  at  each  fixed  steady  state  pressure  of  oxygen.  Varying  this  pressure  altered 
• the  relative  magnitudes  of  the  flash-initiated  rapid  inacase  and  slower  more  persistent  decrease 
(compare  Fig.  5b  and  fig.  5c).  Data  on  these  effects  are  collected  in  Table  2 and  expressed  in 
column  4 as  apparent  quantum  efficiencies  for  phoiodesorplion,  ey.i.  (based  on  the  initial 
pressure  increase),  or  in  column  6 as  the  quantum  efficiency  for  flash-initiated  oxidation 
of  the  titanium  dioxide  surface  (based  or<  the  persistent  reduction  of  oxygen  pressure).  Photo- 
oxidation  is  preferred  to  photoadsorption  os  the  mechanism  responsible  for  photoinitiated 
decrease  in  oxygen  pressure,  because  uptake  of  o,xygen  by  the  illuminated  titanium  dioxide 
surface  was  effectively  irreversible. 

This  was  established  by  parallel  experiments  in  which  the  oxygen  uptake  at  the  Oi/TiOr 
interface  was  monitored  during  illumination  on  a sealed  glass  high  vacuum  system  and  the 
oxygen  pressure  was  monitored  for  some  hours  after  illumination.  These  measurements 
showed  that  oxygen  taken  up  from  the  gas  phase  during  illumination  was  not  released  In  the 
dark  but  was  irreversibly  incorporated  into  tlie  titanium  dioxide  sample  under  UV  illumination. 
Surface  photo-oxidation  is  thus  a more  appropriate  description  of  the  photoassisted  oxygen 
uptake.  On  this  interpretation,  the  pressure  decreases  evidence  in  IHg.  5 at  limes  2—8  s after 
a flash  correspond  to  the  values  listed  in  column  6 of  Table  2. 

Present  results  on  flash-initiated  transients  in  the  OiHIOi  system  illustrate  one  major 
advantage  of  the  dynamic  fasi-delecilon  systc:n,  viz.  the  crpabiliiy  of  time-resolving  the 
opposing  processes  of  rapid  photodesorption  and  slower  phoio-c  idation.  Since  most  previous 
studies  of  oxygen  photosorpiion  relied  on  slow-response  techniques  and  continuous  low- 
intensity  illumination,  it  is  hardly  surprising  that  net  evolution  of  oxygen  has  been  reported  as 
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ih-  dominani  process  In  son\c  conditions,  whereas  oilier  researchers  report  net 
a\»tn  In  dtffetwi  conditions.’  ITk  tlme-rctoloHon  lUmtraied  in  rii  5 should 
inSte  work  on  titanium  dioxide  to  determine  which  conditions  favour  phoiodesoiptlon 
and  which  enhance  surface  phoio-oxidatlon. 
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Discussion  of  oxyntn  phototffttts 

The  results  described  above  demonstrate  conclusively  that  much  Kreaicr  photolysis 
occurred  at  Tresh’  line  oaide  surfaces  than  at  fresh  or  aged  titanium  dioxide  surfaces  when 
?asMl  mis  n of  lO  'N  nr*.  The  progressive  large  decline  n the  ex^nl  of  zhic 

0x1  nS?slld^^^^  Hashes  delivered  at  short  (I  min)  intervals  coud^  attributed  cl  her 
?o  an  ffiSlffl  of  excess  zinc  built  up  at  the  surface  by  photolysis** 
longer  recovery  times  to  re-establish  equilibrium  band-bending  aiicr  each  flash.  The  Utter 
cxpfanaiion  appears  to  be  more  probable  in  view  of  » of 

aencralcd  at  I min  Intervals  were  much  more  reproducible  in  the  piwn«  of  W U m ot 
taseous  oxygen  (cf.  Fig.  4).  Rapid  chemisorption  of  oxygen  after  each  flash  would  co.oinbu..  to 
STestirluon  of  eSuilibriurband-bending.  Absence  of  jUnincant 
^ facilitated  observations  of  the  posi-Hash  depletitm  of  oxygen  from 
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of  5 X 10"  paramagnetic  Mirfacc  Ti’*  ccnu»  ate  readily  nilninable  for  the  Uianltim  dioxide 
used."  the  long  depletion  times  ate  readily  explicable  as  the  time  needed  Tor  gas-phase  oxygen 
to  collide  and  react  with  Ti"  centres  created  by  the  flash.  Very  slow  post-dash  restoration  of 
* electronic  equilibrium  at  TiOi  surfaces  is  alto  consistertt  uith  reportedly  low  electronic 
mobilities.** 


3.  PltolocffecU  InvuiviNK  Molecules  Other  Thun  Ostyxen 
A.  INTRODUCTION 

In  the  above  considerations  of  photoeffccts  at  0|t/nO*  and  0|('TiOi*  interfaces,  it 
became  clear  that  important  parameters  svtre  the  number  and  sign  of  charged  species  present 
at  these  interfaces.  CItemIsorptlon  of  various  molecules  onto  rinc  oxide  or  titanium  dioxide 
may  (i)  leave  these  parameters  unaffected  iv^eak  chemisorption):  (li)  increase  the  extent  of 
negatisx  charge  on  tite  surface  and  so  deplete  the  number  of  electrons  mobile  in  tlie  conduction 
band  of  the  solid  {dtplctivt  chemisorption):  or  (ili)  increase  the  amount  of  positive  charge  on 
the  surface  and  so  increase  the  number  of  electrons  in  the  conduction  band  tcumulaltve 
chemisorption).  t>cpletively  chemisorbed  molecules  might  be  expected  to  exhibit  photode- 
sorption effects  similar  to  those  noted  for  oxygen.  I’hotoeffects  different  both  in  kind  and  in 
magnitude  from  those  noted  with  ox>*gen  might  be  expected  for  molecules  which  experience 
weak  or  cumulative  chemisorption  on  zinc  oxide  or  titantium  dioxide.  Detailed  information 
on  the  form  of  chemisorption  cxhibltied  by  various  molecules  on  zinc  oxide  and  titanium 
dioxide  at  room  temperature  w'as.  therefore,  most  desirable  in  selecting  molecules  likely  to 
exhibit  photosorption,  pliotoatalysis  or  {diotoassisied  reaction  unda  flash  illumination.  Such 
Information  is  .available  in  the  literature  concerning  very  few  molecules  and  reports  by  various 
workers  do  not  alwaj-s  agree.  Cliemisorption  of  hydrogen  onto  zinc  oxide  is  a case  in  point, 
since  some  reports  claim  that  hydrogen  docs  not  chemivmbonto  zinc  oxide  at  room  tempera- 
ture" but  other  workers"  '*  espouse  scvxral  forms  of  chemisorption. 

Despite  criticisms  by  some  workers.**  techniques  involving  measured  changes  In  the 
electrical  conductivity  of  zinc  oxide  and  titanium  dioxide  when  gases  adsorb  have  been 
extensively  used  as  a convenient  indicator  as  to  whether  various  molecules  experience  weak, 
cumulative  or  depletive  chemisorption.  On  the  basis  of  this  criterion,  there  is  fairly  general 
. agreement  that  hydrogen  experiences  cumulative  chemisorption.  On  balance,  available 
conductivity  data"  '*  indicate  that  ethanol  molecules,  like  hydrogen,  experience  cumulative 
chemisorption  on  zinc  oxide,  although  the  relative  proportions  of  dissociative  and  non- 
• dissociative  chemisorption  arc  not  clear.  Consequently,  the  interfaces  H»/ZnO  and  CilUOH/ 
^O  represent  a pair  likely  to  carry  excess  positive  surface  charge  as  a result  of  chemisorption 
in  the  dark.  Tigurc  1(b)  should  then  accurately  describe  these  interfaces  in  collective-electron 
terms.  Tlie  downward  bending  of  bands  near  these  interfaces  should  favour  migration  of 
photogenerated  holes  towards  the  interior  of  zinc  oxide  and  of  electrons  towards  the  interface, 
fills  is  the  converse  to  processes  at  Ot/ZnO*  interfaces.  Consequently,  differences  both  in 
kinetics  and  in  efficiency  of  photoeffccts  (e.g.  photosorpiion  processes)  are  to  be  e.xpccted 
between  these  systems  and  the  Ot/ZnO*  system.  Tlie  literature  on  photoeffects  in  lli/ZnO*  is 
limited  to  reports  that  hydrogen  experiences  photoadsorption  and  photoassisted  H/D 
exchanges"  '*  over  zinc  oxide  under  continuous  illumination  and  to  observations  that  pre-adsorbed 
oxygen  or  hydrocarbons  give  rise  to  additional  apparent  photoadsorption.**-*'  Reported  studies  of 
photoeffects  in  ethanol/zJnc  oxide  systems  have  mainly  dealt  with  the  high  reactivity  of  the 
ethanol  molecules  towards  photogeneratcd  holes'*  *'  and  have  largely  been  carried  out  with 
zinc  oxide  in  contact  with  aqueous  phases  containing  ethanol.  It  is  clear  from  these  studies  that, 
for  illuminated  CilUOilrZnO*  interfaces,  photoassisted  oxidation  of  ethanol  molecules  must 
be  taken  into  consideration  as  well  as  possibilities  for  photosorption. 

Conflicting  claims  have  been  made,  based  on  electrical  conductivity  data,  on  the  nature 
of  adsorption  of  carbon  monoxide  or  water  onto  zinc  oxide.  Older  reports'  generally  refer  to 
carbon  monoxide  experiencing  cumulative  chemisorption  similar  ta  hydrogen  but  it  has  recently 
been  claimed"  fur  clean  zinc  oxide  surfaces  that  carbon  monoxide  experiences  depletive 
chemisorption  detectable  even  at  lO^N  m'*  pressure  of  carbon  monoxide.  If  these  latter  reports 
are  correct,  then  CO/ZnO*  systems  could  be  expected  to  exhibit  photodesorption  simitar  to 
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that  rcpoitn!  here  for  0»/ZnO*. 

Publtshed  tCKatch  from  ihe  authors*  laboratories  have  shown  that  some  polptomic  gas 
molecules  which  exhibit  depletive  chemttorption  on  zinc  oxide,  viz.  nitrous  oxide,  meth>l 
loduienli  and  methyl  chloride  undstgo  (dtoumststed  gas^solid  reactions.*^"  Tims  nitrous  oxide 
experiences  photoasstsicd  dissoctatton  mainly  *.o  the  product  N|,  while  adsorbed  O'  fragment 
tons  remain  and  negatively  bias  the  NtO//nO  intctface.  Contributions  hy  hyxlrogcn-containing 
surface  sites  to  a net  pliotoassistcd  reaction  was  demonstrated  by  predominance  of  CDill  (ai^ 
CD.)  in  the  metitane  product  from  pliotoassistcd  reaction  between  CDjI  and  UV  illuminated 
zinc  oxide."  The  results  correlated  well  with  IK  studies  of  surface  hydroxyl  concentration." 
Stone  has  recently  correlated  the  activity  of  titanium  dioxide  surfaces  with  the  hydroxyl 
concentration'"  and  the  induencx  of  hydroxyls  and  of  adsorbed  water  has  been  studied  by 
photoconductivity  and  tlicrmogravtmctric  techniques."  " 

Some  information  is  also  available  on  the  nature  of  adsorption  and  photoeffects 
experienced  by  simple  hydrocarbons  over  inumisxted  zinc  oxide  and  titanium  dioxide,  bor 
methane  r,nd  ethane,  slow  activated  chemisorption  has  been  repotted  in  the  dark,  ami 
photoadsorption  is  reported  for  methane.  Differing  surface  heterogeneities  in  various  samples 
may  be  responsible  for  apfizrcptly  conflicting  claims  concerning  ethylene  adsorption  on  zinc 
oxide,  which  Kokes  era/,  claim  to  be  rapid  and  reversible,  while  otlier  workers  exclude  ethylene 
from  lists"  of  molecules  experiencing  rapid  chemisorption  or  attribute"  irreversible  poisoning 
effects  to  Cill..  Selective  photoatalyscd  partial  oxiuation  of  butanes  to  aldehydes  and  ketones 
has  been  well  documented  over  titanium  dioxide,  which  also  exhances  oxidation  of  ethylene 
and  propylene. 


B.  EXPERIMCNTAL 

Tiie  dynamic  mass  spectrometer  system  was  utilized  in  a similar  inannev  to  tlial  employed 
for  studying  oxygen  transients,  except  that  transients  were  monitored  at  each  integral  m/e  viduc— 
usually  between  I and  50  at  4 Mliz  r.f.  It  soon  became  apparent  that  meaningful  study  of 
transientr  at  m/e  44, 28. 18, 16  or  12  was  not  possible  using  quartz  or  Kodial  nwelopcs  beousc 
peaks  similar  to  those  shown  in  Fig.  6 occurred  at  these  m/e  values  regardless  of  what  sample 
was  present  In  the  system.  Tliese  transients  corresponded  to  flashdnitiated  increases  of  gas 
phase  components  in  the  higli-vacuum  sy'stem  with  these  m/e  values.  Transiatts  of  similar  time  . 
profiles  but  reduced  peak  height  occurred  even  when  no  metal  oxide  or  gas  was  present  and 
the  system  pressure  was  <10  *N  nr'.  For  obvious  reasons,  they  are  termed  'system  transients' 
and  are  attributed  to  flaslrinitiated  desorption  of  carbon  oxides  and  water  from  internal  ' 
surfaces  of  the  vacuum  system.  With  the  metal  oxide/quartz  samples  in  position,  these 
'system  transients'  were  largest  for  light  incident  via  a quartz  window,  smaller  by  factors  ca.  0.1 
with  a Kodial  window  and  absent  (with  the  exception  of  m/e  28.  16  and  12)  when  either  the 
quartz  or  Kodial  window  was  wrapped  around  with  a appropriategclatine  fllfer  (Wraiten  38A) 
which  excluded  most  UV  and  IK  photons.  Parallel  behaviour  of  system  transients  at  m/e  2.8, 

16  and  12  supported  their  assignment  to  carbon  monoxide.  Since  this  was  a major  component 
of  residual  gases  in  Ihe  stainless  steel  high-vacuum  system,  presence  of  a carbon  monoxide 
transient  was  hardly  surprising. 

Possible  photosorplion  effects  involving 


"C"0„  '*N,"0.  "N,.  "C"0,  H,"0  or  "CH. 

were,  however,  excluded  from  meaningful  study  using  Kodial  or  quartz  windows,  owing  to  the 
c'olncidence  of  their  major  ion  fragments  with  the  system  transients.  Photosorplion  and 
other  piiotocffccts  could,  however,  be  studied  by  selecting  moleulcs  whose  major  ion  fragments 
did  not  coincide  with  system  transient,  e.g. 

H„  D,.  "N"N"0,  C,H,OH  or  C.D.OD 

Tlic  procedure  involved  establishing  a steady  state  pressure,  ca.  lO"*— I0*’N  nr*,  of  the  chosen 
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gat  over  the  /iiK  atiJe  or  titanium  dtoxiJc  surface  at  a dvnamlc  babiKc  between  gat  aJimttion 
ihiough  a variable  leak  valve  ami  ranoval  by  the  ton  pump.  With  the  matt  speetroitictvr 
manually  set  to  the  peak  of  an  appropriate  major  ion  fragment,  (e.g.  rn/e  4^.  31.  29  from 
'‘N"N*'Oj.  time  profiles  wetc  reeorded  for  i)ash*imiiaictl  changes  In  ion  wmirent  from  ihdr 
steady  state  values.  Since  the  resolution  of  the  mats  spectrometer  was  not  constant  across  the 
rn/e  range  1-30.  resolution  settings  were  chosen  to  emure  *>3r»  valley*  resolution  between 
adjacent  peaks  for  the  m/e  range  of  maximum  interest  for  each  gas  (e.g.  resolution  was 
oplimued  over  the  region  m/e  50-  2.5  for  study  or’*N"N"Oj. 


(41  IM 


lit  6.  OKilIoKopc  trait  n\o(dir.(t  (Uuuraiint  the  lime  proniet  of  'syticm  trantlcms*  moniiaied  at 

m/e  values  vorictpoming  to  CO*.  CtV.  O'  and  II.O'.  The  transients  shown  litre  were 
tniiuted  by  pulses  inadtni  via  a quane  cmtbpc  with  a rinc  oude  sample  in  position.  .Similar 
bui  smaller  iramicnit  were  observed  if  die  rim.  osidc  sample  was  icmostd. 

C.  RESULTS 

Floih-iniuattd  tninsknfs  In  systems  exMblltng  depletive  chemisorption 

Res.  its  of  jKeviously  published  studies  with  low-lntensity  longKluratioo  UV  illumination 
incident  on  NiO/ZnO*  interfaces  had  led  to  the  conclusion  that  phoioassisicd  conversion  to 
Ni(g)  and  O (ads)  was  important  at  this  Interface.**  The  existence  of  system  transients  at  m/e 
44.  28.  16,  14  and  12  effectively  prevented  meaningful  study  of  photoassisled  conversion  of 
normal  N»0  to  Ni  + 1/2  0|.  Use  of  '*N'*N’*0  lifted  the  coincidence  of  parent  and  fragment 
ions  with  system  transients  at  m/e  44  and  28  and  allowed  the  parent  ions  of  nitrous  oxide  at 
m/e  45  (■'*N'*N"0'i,  or  of  nitrogen  products  at  m/e  29  {■'*N'*N'),  to  be  studied  without 
interference  from  system  transients.  Figure  7 demonstrates  that  opposite  transient  effects  were 
observed  when  identical  flashes  were  incident  on  '*N'*N”0/ZnO  and  changes  were  monitored  at 
m/e  45  or  29,  respectively.  For  these  experiments  **N'*N'*0  was  flowing  at  room  temperature 
at  a steady  state  pressure  of  8 x lO"’^  m’*  over  a zinc  oxide  surface  previously  baked  out 
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in  vaaio  ivjo  ’N  m ‘I  for  4S  h ai  . Tlic  upper  iiaec  of  l in  7(h)  deinoniiraici  a flaih- 
inttiairJ  dmfMf  in  Mfnal  fet'd  at  m/e45.  wtmtittcni  mill  photoauiiteU  deptciion  of  ntuous 
oxide  ptexxure.  /*s.>  Tim  depletion  pctxixied  for  times  itfcaier  titan  8 s after  the  flaxh  11ie 
lOMcr  trace  demonxuatex  cxaalv  vonvetxc  naxIiMmiiaied  behaxiout  for  tons  with  m/e  29.  ax 
would  be  expected  if  photoaxitxted  depletion  of  ’*N‘’N''a  rcxulied  in  forinaiion  of  '*N’*N 
auoidir.gtoeq.  (^i 


•'N  ‘N'0  ♦ *N  *N  X I 2U,  t<) 

Kewditiion  wax  belter  than  *<*'•  xalkv*  between  adiacent  peaks  and  no  comparafck  tranxienix 
were  obterx-eJ  front  fresh  nne  oxide xurfaccx  at  m/e45. 29  or  JI  when  the  rmc  oxide  xubtiraic 
wax  naxh-itlummaied  through  quartr  prior  to  expotuie  to  *'N'*N‘*0.  l-urther  confirinaiion 
tiMt  the  eff«tx  xlMiwn  in  l ig,  7(h)  were  real  and  charactcmltc  of  the  llluininaied  •*»V'NC)  /nO* 
imerfawc.  rather  titan  experlniental  artifacts,  came  from  the  obxerxation  that  carrying  out  an 
ideniual  Kt  of  r-roxcdurex  for  light  incident  on  •*N’*N*‘0  TiO»*  inierfaces  did  not  >;c5d  anv 
such  transientx  Ttiix  wax  in  agreement  with  prexxom  rqxxtx"  tl-.ai  photoaxxixted  dUxociation  of 
nitrotix  oxide  does  not  occur  oxer  titantuin  dioxide  and  it  demonxirated  concluiixely  that  the 
iranxientx  did  mit  originate  front  llic  xacuum  »)xient  or  fiiwi  dinxi  pltorolxus  of  llie  '*N‘'N*'C) 

>\  point  of  interest  for  the  naxlftlluminated  ’•N’*N''0.  ZnO*  »>THem  wax  the  question 
of  whether  or  not  oxx^en  remained  adsorbed  on  the  unc  oxide  1<  accordanc'e  with  the 
siouhiomciry  of  e«)  |J).  Mash  illumination  through  the  quart/,  envelottc  did  not  permit 
une«|uixocal  answers  to  this  question,  because  the  oxx-gen  transient  from  phololvsis  of  the  /me 
oxide  surface  swamped  anv  small  additional  oxx^cn.  such  as  would  bi  e<)uix^lcnt  to  llie  '*N'*N 
detected.  Table  2 illu'drated  that  use  of  a \k ratten  J8A  fiber  reduced  to  zero  any  oxvgen 
transient  at  rn/e  '<2  from  pliotolysis  of  /me  oxide  and  new*  tests  e'onlirmed  that  no  flash- 
imnatcd  transient  at  m/e  J2  wns  delected  with  this  filter  in  position  cither  from  a ‘fresh*  /me 
oxide  surfac-cor  Irsxm  the  ’*N‘*N’'0.  ZnO  s>’stcm  w steady  state  conditions,  liowever,  when 
riaslicx  iKcame  incident  through  this  hirer  onto  a »nc  oxide  sutfact  ponioudv  'iladi  illuminated 
iliiough  quart/  w ith  ‘*N'SN*’U  present,  a readily  measurable  transient  wax  detected  at  m/e  J2 
This  oxvgen  transient  ix  aitribuied  to  o.xx'gcn  produced  at  the  NiO>ZnO*  mictface  during 
flash  illuminalton  and  later  photodcsotbed  by  light  incident  through  the  Wraiicn  38A  filter. 
These  obscrvaiionx  lend  further  support  to  the  xicw  that  dissociation  did  occur  according  to 
l<)inthcN,0  ZnO’vfstcm. 

Another  phoiolvtic  pathway  which  merited  study  for  the  "N"N'*0  system  ts  indicated 
by  cq.  (6)  which  corresponds  to  bimolecular  headdodicad  interaction: 


’*N’*N  '0(gl*«  “N  ’N  'Ofadxl  ♦ ‘«N‘*N‘*0  “N.  + 2l’*N"OMg)  (6) 

/m.ZnO 


An  important  role  had  been  suggested  for  O m initialing  reactions  similar  to  (7)  in  presioux 
studies,’*  *’  Since  formation  of  this  species  has  also  been  suggested  on  /me  oxide  surfaces, 
occurrcncx  of  Oi  appeared  possible  and  should  lead  to  ’*N'*0,  Hash.iniilatcJ  transients  at 
ni/e  31  were  therefore  examined.  Hearing  in  mind  that  Ion  fragments  from  ('*N‘*N"Oj‘ 
c'ontribu'e  to  ion  signals  with  m/e  31.  togtlicr  with  parent  Ions  from  possible  ”N'*Q  products. 
It  wax  to  be  expected  that  this  ton  signal  should  demonstrate  more  complex  flash-initiated 
behaviour  than  that  of  N,0’  or  N/.  Such  compfix  behaviour  Ix  iilusiratcd  in  f ig.  7(c).  where 
i(  may  be  noted  that  an  initial  flash'inittaicd  increase  in  signal  level  occurred  front  the  steady 
state  value  nt  times  ca.  2(X)  ms  after  the  flash,  but  that  this  was  later  succeeded  by  a slower 
decay  to  values  below  the  pre-flash  level  at  times  between  I s and  8 s after  the  flash.  This  latter 
slow  decrease  is  consistent  with,  and  has  a similar  lime  profile  to.  the  long  persistence  of  flash- 
initiated  depletion  of  /*('*N“N'*0)  after  the  flash,  which  Is  illuslrai»l  in  Fig.  7(b).  A differen) 
process  must,  liowcver,  be  responsible  for  the  initial  rapid  increase  in  ion  current  evident 
in  Fig.  7(c)  at  liitics  ca.  2(X)  ms  after  the  flash.  Fast  phoiodcsorption  of  the  "N"0  product 
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Fit,  F (KcilloKO)X  lf»ee  tcco(Uin(s  of  m»i$  tpc«tt»l  mcaititniKOU  on  *'N'*N'’0.'ZnO  syumu 
U1  NUm  tpccttum  of  '*N"N"0  |u  btfote  contact  vkiih  /jiO.  Spocttvm  nin  M iiknttol  scttmiit 
to  ihoic  uwxl  for  (b),  (c)  am)  (d).  (b)  Upper  trace:  ttme  profile,  monitored  at  a Kntttivity  o'  10 
mV  div,  of  tlic  na\h-lmttatcd  decteate  In  ion  current  at  m/e  -tS.  combined  liiith 

the  time  profile  (lo«er  tracelof  the  (Uth-tnitiated  incrtaic  in  ion  current  at  m/e  29  (’‘N"K') 
monitored  at  the  »me  Ktititiviiy.  The  puliet  i»etc  tncidenl  onto  an  NiOi>/mO  interface  at  a 
prcuure  of  S X lO'.N  m (c)  Tine  profile  of  naih-inittated  chanici  m the  ten  current 
moniiored  i*ith  a {cndtitity  of  5 mV-div  at  m/e  31  (corropondin*  to  **N’‘0‘)  for  light  InctJeni 
onto  the  NiO//nO  interface  at  a prcuutc  of  U X I0'*N  m *.  (d)Time  profile  of  nath-initiated 
tranueot  from  >amc  7j\0  turface  at  uwd  in  (c)  eacept  that  the  gat-phase  N|0  ttai  pumped 
auay  from  the  ptetioudy  navh-illuminarcd  surface  prior  to  this  (lath. 

forrtKd  via  (6)  veas  suspected  and.  since  published  ESR  «txk*  ittdkaicd  that  nitric  oxide  chemi* 
sorbs  onto  tlx  surface  of  ^nc  oxide,  it  appeared  possible  that  sortx  fraction  of  any  "N'*0 
so  produce!  ml|ht  remain  on  the  Unc  oxide  surface  after  (lash  illumination.  This  possibility 
tvas  tested  by  pumping  auay  all  gas-phase  nitrous  oxide  and  then  looking  for  a nash-inlitiitted 
transient  at  m/e  31.  i^gure  7rd)  illustrate  the  time  profile  of  the  flash-initiated  transient 
then  obscrsetl.  No  such  transient  at  m/e  31  was  observed  from  dne  oxide  surfaces  prior  to 
exposure  to  '*N'*N"0.  Compsri«i«  of  Fig.  7(c)  with  Fig.  7(d)  confinns  that  tlx  fast  initial 
increase  in  ion  current  at  m/e  31  had  a similar  lime  profile  uiih  or  without  gas-phase  ‘*N'*N"0 
present  during  the  fiesh  This  is  consistent  with  assignment  of  this  ‘last*  component  of  the 
transient  to  photodetpcxtlon  of  "N"0  from  surfaces  were  it  was  formed  by  reaction  of  "N'*N”0 
with  Dash  illuminated  rinc  oxide. 

The  system  CDil/Zno  was  briefly  investigated  as  another  example  of  one  exhibiting 
depictive  chemisorption."  Since  methyl  iodide-dt  adverxly  affected  the  electron  multiplier, 
the  flow  of  reactant  iixthy]  kxSide-di  over  the  zinc  oxide  cailayst  surface  was  trapped  by  a 
liquid  nitrogen  cooled  baffle  (LNB  in  Fig.  2),  so  that  only  products  not  condensable  at  77  K 
would  be  pused  to  the  mass  spectrometer  for  anidysis  and  detection.  According  to  previous 
results,  methane-d.  should  be  one  such  prodixt,  but  (lash  illumlnaiin  of  CDiI/ZnO*  in 
these  conditions  did  not  yield  a transient  at  m/e  20.  However,  a readily  measurable  transient 
was  detected  at  m/e  19,  indicating  flash-initialed  production  of  CDjH  over  the  CDiI/ZnO 
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inter.'Kc.  This  result  resembles  th»t  obtained  under  continuous  illumination  which  iicinted  to 
an  imt'ortant  role  of  hydroiitn*containingsurface  sites  in  the  plxxoassistcd  formation  of  CD, 1 1 
from  UV.illuminaled  CDiDZlnO  systems.'* 

Evidence  presented  recently  by  McArthur.  Mliss  and  Butt  Identified  acetaldehyde  as 
another  s(>ecie$  ca|>crie.7cin.{!  suong  depletive  chemisorption  on  einir  oxide  and  exhibiting  rapid 
desorption  in  some  comitllons.*’  Asteadystate  ycctaldcliyde  pressure  of  ICT’N  m * was. 
therefore,  established  over  a previously  outgassed  new  zinc  oxide  surface  for  60  min  to  enable 
some  such  dcplctise  chemisorption  to  proceed  in  the  CH.CliO/ii;nO  system  prior  to  Hash 
illumination.  When  thcdark>e<tuiirorated  Cii,CHO/ZnO  interface  was  then  (lasli'illuminated 
throuidi  a Kodial  wrindow,  iransieiU  increases  in  ion  current  with  longer  rise  times  and  decay 
times  than  those  shown  in  Fig.  3 or  Fig.  6 were  measured  (ef.  Fig.  9d)  at  many  m/t  values  and 
arc  summarized  in  Fig.  8.  The  total  height  of  each  column  at  any  m/e  value  in  that  figure 
represents  the  majdmum  increase  in  ion  current  achieved  (within  ca.  2(X)  ms)  in  the  time 
profile  of  a navh4nitlated  transient  monitored  experimentally  at  that  m/e  value.  Figure  8 
thus  p.'escnts  a mass  histogram,  the  'intensity  vs.  m/e  pattern'  of  which  is  determined  by 
composition  of  additional  gas  rctccsed  into  the  gas  phase  above  the  flash-itluminated  surface. 
Such  representations  wilt  here  be  lerm«i  ‘flash  histograms'.  An  aticmpl  is  made  In  lig.  8.  to 
illustrate  the  extent  to  which  n/r  distribution  in  the  Hash  histogram  could  be  accounted  for  by 
fladi'initiated  dcsoiption  of  acetaldehyde.  Forthb  purpose  the  (lash  histogram  was  compared 
with  the  m/e  distribution  observed  experimentally  from  gaseous  accta]de)i>iie  at  idenilcal  mass 
speclrometer  setiings.  These  two  m/e  distributions  have  been  normalized  in  Fig.  8 at  m/e  29, 
The  proportion  of  each  column  height  at  other  m/e  values  which  is  shown  blackciieddn  on 
Fig.  8 then  represents  the  extent  to  which  observed  transients  were  accounted  for  by  Hash* 
desorbed  acetaldehyde.  System  transients  account  for  apparent  lack  of  agreement  at  m/e  i2, 
16,  18,  28  and  44.  Inspection  of  Fig.  8 at  other  m/e  values  shows  sufficient  agreement  to 
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Fig.  8.  ‘Flash  histogram'  of  specks  rekased  into  Ihe  gas  phase  from  a CH.CHO/ZoO*  interface  by 
illumination  through  a Kodlal  glass  envelope  at  a pressure  of  liyN  m‘'.  The  total  column 
height  defines  the  maximum  inaease  in  lor.  cui  tent  measured  at  the  indi-iied  m/e  value  ca.  IfO- 
200  ms  after  die  dash.  Fillcd'in  heights  denote  Ih'  extent  to  which  the  observed  changes  in 
ion  current  ran  be  aceouitied  for  by  photodesorption  cfCHiCHO  unchanged  from  the  surface. 
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support  the  conclusion  ihit  phoiodesotbcd  acetaldehyde  is  the  major  component  of  the  gases 
released  from  the  (lashdllumlnated  CH»CIIO/ZnO*  Interface.  Acetaldehyde  thus  resembles 
oaygen  both  in  dcplctlvely  chemisorbing  on  zinc  oxide  and  in  photodcsorbing  from  it 
chemically  unchang^. 

Ilash-lnliktett  (ninsknls  In  systems  exhibiting  (umulath'e  chemisorption 

D,/XnO.  A brief  examination  wiu  made  of  the  (D|/7n0-ln)  interface  tu  tliat  most  likely 
to  carry  cumulatively  chemisorbed  species  at  room  temperature  prior  to  flash  illumination. 
lndium*doped  zinc  oxide  svas  selected  for  this  study  beeause  of  reports  that  doping  with 
terx'alent  ions  enhanced  rapid  hydrogen  chemisorption.'*  Fresh  samples  of  indium*dopcd 
zinc  oxide  on  quartz  substrates  were  well^ouigasKsI  at  3S0*C  under  high  vacuum  (lO  'N  m ') 
and  later  exposed  to  I0'*N  m ' pressure  of  deuterium  at  room  ternperturc.  Flash  illumination 
incident  onto  the  D|/ZnO*ln  interface  through  a quartz  window  produced  no  transient 
changes  in  signal  les’d  at  m/e  4,  The  higher  resolution  settings  of  the  ntass  spectrometer  nceslcd 
to  achieve  valley  between  adjacent  peaks  at  m/e  4, 3 and  2,  reduced  the  sensitivity  of  the 
system  below  that  achieved  in  studying  transients  from  Oi/ZnO*  or  NtO/ZnO*.  Nonetheless, 
this  absence  of  any  (Ush'lnitiated  transient  charrges  at  m/e  4 was  surprising  In  view  of  literature 
reports'*  that  h>xlrogen  photoadsorhs  onto  zinc  oxide.  Small  nashdnitiated  transients  were 
observed  at  m/e  2 with  rise  times  of  60  ms,  but  it  appears!  possible  that  these  originated  from 
molecular  hydrogen  produced  via  photolysis  of  hyxlrogen-containlng  surface  hydroxyls.  Since 
it  appeared  probable  that  surface  hydroxyls  would  be  numerically  more  abundant  on  a sample 
of  pure  zinc  oxide  (SP-SOO)  because  of  its  greater  specific  surface  area,  a sample  of  ZnO>SPSOO 
was  (lash  illuminated  under  similar  com  'tions  to  those  used  for  the  lndium>doried  zinc  oxide. 
In  preparing  this  zinc  oxide  sample,  the  powdered  catalyst  was  boiled  with  deuterated  water 
to  promote  H/D  exchange  and  obtain  seme  surface  hydroxyls  of  the  form  OD*.  Subsequent 
heat  treatment  and  outgassing  In  vacuo  were  performed  in  the  usual  manner  prior  to  flash 
illumination.  Flashdnitlated  transients  at  m/e  4, 3 and  2 were  obscrx*td  from  this  sample  with 
rise  times  of  60  ms.  Appearance  of  transients  at  m/e  4 and  3 In  addition  to  the  transient  at 
m/e  2,  which  alone  appeared  for  the  ZnO*ln  sample  prepared  from  a slurry  in  water,  was 
consistent  with  production  of  HD  and  a little  D|  via  photol>’sis  of  some  surface  hydroxyls  of 
form  OD'  on  the  zinc  oxide  sample  boiled  in  deuterated  water.  Flash  illumination  of  this 
latter  sample  after  introduction  of  deuterium  above  the  solid  in  the  hlgh>vacuum  system 
’ )ielded  no  flash-initiated  transient  at  m/e  4 but  did  yield  a transient  of  new  time  profile  at 
m/e  3.  This  had  a rise  time  of  300  ms,  as  compared  with  the  60  ms  rise  time  for  the  HD 
produced  via  photolysis.  A component  with  the  longer  rise  time  was  also  apparent  in  the  flash' 
* initiated  transient  at  m/e  2 but  nothing  appeared  at  m 'e4.  These  preliminary  observations  on 
the  Dj/ZnO*  system  appear  consistent  withoccurrcnceof  a relatively  slow  H/D  exchange 
involving  interaction  of  previously  absorbed  deuterium  with  surface  hydroxyls  sites  (OH')*, 
activated  by  the  (lash. 

Ethanol/ZnO  and  TtO,.  Ethanol  had  been  reported  as  undergoing  cumulative  cheml* 
sorption  onto  zinc  oxide.  EthanoI/ZnO*  systems  were  First  examined  by  the  dynamic  mass 
spectromctric  technique  without  any  other  gas-phase  species  present  in  an  effort  to  determine 
the  extent  to  which  the  alcohol  molecules  themselves  exhibited  photosorption  or  photoassisted 
surface  reactions.  Blank  experiments  with  light  from  the  flash-tube  transmitted  through  a 
quartz  envelope  into  the  vacuum  system  containing  a steady  state  pressure  (7  x I0*‘N  m'')  of 
ethanol  showed  no  (Ush-initiated  enhancement  of  ions  at  m/<  31, 27  or  26.  This  absence  of  any 
flash-initiated  photolysis  of  ethanol,  or  of  desorption  by  ethanol-related  species  from  the 
quartz  or  metal  walls  of  the  vacuum  system,  made  it  appear  feasible  to  examine  flash- 
initiated  processes  for  CiHiOH/ZnO*  samples  using  a quartz  window.  A time  proFiie  of 
flash-initiated  changes  in  ion  current  at  m/e  31  from  its  stable  value  detected  prior  to  the 
(lash  is  illustrated  in  Fig.  9(a).  This  profile  indicates  that  the  moktular  species  responsible  for 
the  flash-initiated  transient  at  m/e  31  experienced,  firstly,  a relatively  fast  photodesorption 
process  and  secondly  a slower  process  which  persisted  for  longer  than  8 s and  resulted  in  an 
over-all  lowering  of  ethanol  pressure  in  the  system  at  times  I s to  8 s after  the  flash.  Time 
profiles  of  transients  at  m/e  values  for  other  major  ion  fragments  characteristic  of  ethanol 
(e.g.  m/e  19  and  27)  also  showed  the  two  major  features  OS'  Fig.  9(a),  i.e.  initial  fast  flash- 
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h'lK.  9.  Oscilloscope  trace  rccocdtnis  illustrating  transient  changes  In  the  Ion  current  initiated  by  light 
pulses  incident  onto  ethanol/metal  oxide  Inter  facts,  (a)  Transient  (monliorcsl  with  a scnsltiviiy 
of  iO  mV/div)  at  m/e  31  for  flashes  incident  via  a quartz  envelope  onto  a CilUOII/ZnO* 
interface,  (b)  Transient  (monitored  with  sensltiviiy  20  mV/div)  at  m/e  30  for  Rash  incident  via 
Kodial  glass  envelope  onto  a Cil)tOD/TiOi*  interface,  (c)  Partial  mass  scan  of  ion  fragments 
from  gases  present  in  the  vacuum  systent  ca.  200  ms  after  the  nash-initiaied  release  of 
acetaldehyde  into  the  gas  phase  from  a CilltOil/TiOt*  interface.  Tlic  lower  mass  spectrum 
was  'aken  without  (lash.  Hiat  marked  'Hash'  was  tinted  to  sweep  through  m/e  43.ZOO  ms  after 
the  flash,  (d)  Transient  at  m/e  34  monitored  at  a sensitivity  of  20  mV/div  for  light  incident 
onto  a C|D(Ol)/'/nO*  interface  via  a Kodial  glass  envelope. 


initiated  desorption  and  slow  persistent  depiction  of  alcohol  from  the  gas  phase  over  the 
flashdiluntinated  zinc  oxide  surface  for  times  longer  than  8 s after  the  flash.  Furthermore,  if 
gas'phase  ethanol  was  pumped  away  from  a C,HtOH/ZnO  system  and  the  surface  then 
flash  illuminated,  the  observed  time  pronies  showed  the  fast,  dash-initiated  pliotcdesorplion 
at  m/e3l,  29  or  27  attributable  to  preadsotbed  ethanol  but  not  the  slow  persistent  depletion. 
The  latter  greatly  resembled  the  depletion  of  gas  phase  oxygen  shown  in  Fig.  5 for  Oi/TiO,» 
or  of  gas-phase  nitrous  oxide  shown  In  Rg.  7 for  "N"N''0/Zn0*,  and  may  likewise  be 
attributed  to  reaction  of  ethanol  with  tlte  previously  illuminated  metal  oxkie  sutface.  Conditions 
favouring  the  initial  fast  photodesorption  processes  and  minimizing  the  slower  reaction  of 
ethanol  with  the  dash-illuminated  surface  were  achieved  by  utilizing  a cylindrical  illumination 
window  of  Kodial  glass  rather  than  quartz.  In  these  conditions  each  measured  transient 
corresponded  to  a dash-initiated  increase  in  ion  current  rising  to  its  maximum  at  between 
}00  and  200  ms  after  the  dash  without  depletion  after  the  dash,  (cf.  Fig.  9b).  Peak  heights  of 
transients  measured  with  experimentally  identical  conditions  (except  that  m/e  was  set  to  a 
different  value  prior  to  successive  dashes)  are  assembled  into  (.ash  histograms  in  Rgs.  10(a) 
and  (c).  These  display  the  m/e  distribution  of  ion  fragments  characterizing  gases  releasMl 
into  the  gas  phase  within  ca.  200  ms  from  CiD,OD/ZnO*  and  CiD,OD/TiO,*  interfaces, 
respectively.  Also  shown  in  Fig.  10  for  comparison  with  these  dash  histograms  is  a mass 
spectrum  of  ethanol-d,  recorded  with  identical  instrumental  settings  but  for  alcohol  vapour 
which  had  not  contacted  the  metal  oxide.  Marked  differences  between  the  dash  histograms 
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and  (he  mau  spectrum  In  i-ig.  10  demonitrate  eonclutivcly  lhal,  unlike  theCiliCMO/ZnO* 
case  (cr.  I'if . 8),  which  phoiodcsorbcd  without  significant  chemical  change  in  the  originally 
adsotbed  molecules,  the  flashdUuminated  Cil)iOD/^0*  and  C|D|0D/Ti0/  s>'stcm$ 
released  gases  dominated  by  components  other  than  the  originally  adsorbed  cthanol*d«. 


Fit,  10.  (a)  Flash  histogram  showing  intensity  ss.  m/e  pattern  for  transient  changes  in  ion  current 
initiated  by  light  pulses  incident  via  a Kodtai  glass  envelope  onto  a ZnO  surface  under  a pressure 
of  3 X I0**N  m'*  of  CiDiOD.  (b)  Oscilloscope  trace  recording  of  the  mass  spectrum  of 
C|DtOD(g)  at  pressure  3 X lO^N  m'*  measured  with  similar  QMS  settings  to  those  used  in  (a), 
(c)  Similar  to  (a)  but  for  (he  CiDtOD/TiOi*interrKe  at  pressure  5x  l(r‘Nm''. 
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Figure  10  thus  provided  good  evidence  for  extensive  pholoassitted  reaction  between  • 
ethanol  and  zinc  oxide  or  titanium  dioxide  surfaces  even  when  flash-illuminated  through  a 
Kodial  envelope.  Comparison  of  the  mass  distribution  in  mass  histograms  in  Fig.  10  with  that 
shown  in  Fig.  8 for  the  acctaldchyderZnO*  s^-stem  revealed  sufficient  similarities  to  suggest 
that  flash-desorbed  acetaldehyde  was  also  a major  component  of  gases  released  from  the 
ethanol/mctal  oxide  systems  (m  comparing  Fig.  8 with  Fig.  lOa,  allowance  must  be  made  for 
the  effects  of  deuterium  substitution  on  the  CiDiOD  flash  histograms).  An  experimental  test 
of  this  idea  for  the  cthanol/TtOi  system  was  devised  as  follows.  According  to  the  flash 
histogram  for  this  system  (c.f.  Fig.  lOc)  suitable  mass  spectrometer  settings  wae  available  which 
enhanced  flash-initiated  transients  in  tlie  m/e  -t0*S0  values  range  much  above  contributions  made 
by  ion  fragments  of  ethanol  in  that  region.  Figure  8 shows  that  flash-desorbed  acetaldehyde 
should  contribute  significant  transients  at  m/e-U,  43. 42  and  41.  Consequently,  if  acctalddiyde 
was  a major  component  of  the  flash-initiated  gases,  a mass  scan  through  the  region  m/e  45-^0 
at  ca.  200  ms  after  incidence  of  a flash  onto  a C<dltOII/TiOi  system  should  show  an  enhance- 
ment of  peak  heights  at  m/e  44-41  relative  to  scanning  prior  to  the  Hash.  Figure  9(c) 
demonstrates  that  the  expected  enhancement  ;it  m/e  44  and  43  were  obtained  for  a CilitOH/ 

TiOi*  system  flash  illuminated  through  Kodial.  Photoassisted  dehydrogenation  of  ethanol  to 
acetaldehyde  is  thus  confirmed  as  an  important  photocffcci  at  the  flash-illuminated  ethanol/ 

TiOi*  interface.  With  this  identification  in  mind,  re-inspection  of  Figs.  10(a)  and  tc)  reveals 
the  expected  large  transient  at  m/e  30  due  to  the  major  ion  fragments  (CD0‘)  expected  from 
any  CDtCilO  produced  by  photodehydrogenation  of  CiD|OD.  Photo-produced  CI)|CIX} 
should  also  give  rise  to  transients  at  m/e48  and  m/c46,  which  would  correspond  to  CDiCDO’ 
and  CDiCDO’,  but  their  very  small  magnitude  indicates  that  not  all  of  the  transients  at  m/e  30 
can  originate  from  acetaldehyde.  Photodesorption  of  alcohol,  which  would  also  contribute 
transients  with  m/e  30,  is  another  probable  process,  in  view  of  occurrence  of  significaitt 
transients  at  m/e  34,  33.  32  and  28  with  relative  proportions  similar  to  those  evident  in  the 
mass  spectrum  of  CiDiOD  (compare  Fig.  lOb  with  Fig.  10  a or  c).  Ethanol  photodesorption 
and  dehydrogenation  are  thus  indicated  at  its  Interface  with  (lash-illuminatcd  zinc  oxide  or 
titanium  dioxide.  Problems  in  further  defining  the  relative  importance  ol  these  and  other 
photoassisted  processes  at  these  interfaces  are  considerable,  and  derive  in  part  from  the 
possibility  of  selective  desorption  of  one  species  and  in  part  from  the  possible  role  of  surface 
impurities  such  as  hydroxyls  in  modifying  surface  photocffects.  It  is  relevant  to  summarize 
our  cxfierimcntal  observatiorts  on  the  influence  of  surface  sites  and  surface  species  upon  total 
magnitude  of  such  photocffects. 

Information  on  possible  roles  of  surface  hydroxyls  was  sought  in  the  first  instance  by  . 
comparing  the  flash  histograms  obtained  using  ethanol-d«  containing  S*/*  DiO  with  those 
shown  in  Fig.  10  and  obtained  using  anhydrous  ctkanol-d«.  It  was  expected  that  the  D|0 
component  would  be  chemisorbed,  at  least  in  part,  as  hydroxyls  onto  the  previously  well- 
outga.ssed  zinc  oxide  or  titanium  dioxide  surface.  Flash  histograms  from  the  (CiDtOD  -f  DiO)> 

TiOi*  system  showed  no  'igniflcant  change  from  the  transients  summarized  in  Hg.  10(c),  which 
was  unexpected  in  view  of  previous  reports  that  surface  hydroxyls  assisted  photo-oxidation 
of  isopropanol  over  titanium  dioxide  exposed  to  continuous  illumin.uion.''^  The  magnitude  of 
transients  in  the  (CiDtOD  + DiO)/ZnO*  system  was,  however,  rcducr<t  to  between  20V*  and 
50*.«  of  the  values  observed  with  anhydrous  CiD|OD/ZnO*.  thus  suggesting  an  inhibiting 
effect  of  surface  hydroxyls  upon  photoeffects  in  this  system. 

Adsorption->desorption  experiments  with  ethanol/ZnO  and  ethanol/TiOi  systems 
using  the  vacuum  elcctromicrcba'aiicc  at  ethanol  pressures  of  lO*'— IQ'S  m'*  established 
that  adsorption  at  room  temperature  obeyed  Freundlich  isotherms.  Extrapolation  of  these 
isotherms  to  the  actual  pressures,  10**— KF’N  m’*,  used  in  the  flash-illumination  experiments 
yielded  estimates  of  equilibrium  coverage.  Tliese  would  correspond  to  only  0.’iV$  of  the 
surface  sites  of  zinc  oxide  being  occupied  by  ethanol  molecules  and  2.5  V*  of  the  surface  sites 
on  titanium  dioxide  being  occupied  at  1(T’N  nr'  pressure.  The  magnitude  of  the  transients 
from  the  C:D|00/Ti0i*  system  (Fig.  10c)  do  not  show  greater  photocffects  equivalent  to  this 
greater  equilibrium  coverage.  The  possibility  was  therefore  Investigated  that  ethanol 
molecules  strongly  chemisorbed  onto  a few  active  sites  wern  mainly  re>ponnbile  for  the 
observed  photocffects.  For  these  investigations,  oulgassed  surfaces  of  zinc  oxide  or  titanium 
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Utoxide  were  exposed  to  ethanol  at  iO'‘N  in  ' for  30—360  min  and  then  the  gaifphttse  ethanol 
was  pumped  away  for  periods  of  from  I to  18  h.  Surfaces  thus  prc<xposed  to  ethanol  were  then 
Hash  Illuminated  and  the  observed  transient  assembled  Into  Hash  histograms.  These  showed 
qualitative  similarities  to  tfiC  Hash  histograms  measured  when  ethanol  vapour  was  present, 
e.g.  parent  and  Iragment  ions  of  acetaldehyde  were  clearly  evident,  but  over*all  the  transients 
were  reduced  in  magnitude  by  M— 90*«.  Ttic  histograms  also  showed  components  correspond- 
ing to  (lashdesorption  of  ethanol,  thus  making  clear  the  existence  of  strongly  adsorbed 
molecules  on  the  Interfaces  even  after  prolonged  pumping. 


4.  Conclusion 


The  results  desaibed  wae  mainly  concerned  with  photoeffects  produced  by  llaslics  of  U V 
light  Incident  upon  zinc  oxide  or  titanium  dioxide  surfaces  in  the  presence  of  a single  reactant 
gas  (not  oxygen).  Ttierefore,  true  photocatalysed  reactions  betwceo  two  or  more  gases  over 
the  illuminated  interfaces  were  not  ohserved.  Ncvertheleis,  a wide  range  of  effects  was 
observed,  Including:  photolysis  of  hydrogen-containing  surface  groups:  pliotoassistcd  ii/D 
exchange  in  D|/ZnO*  s)‘stcms;  photodesorption  of  acetaldehyde  and  ethanol;  photoassisted 
reduction  of  nitrous  oxide  or  methyl  iodide  and  photoassisted  oxidation  of  ethanol  via 
chemical  reaction  with  the  dash-activated  surfaces.  The  results  demonstrate  the  great  utility  of 
the  present  dynamic  mass  spectromctric  technique  for  distinguishing  such  processes  In  cases 
where  two  of  these  photoeffects  proceeded  simultaneously  but  with  different  reactioti  velocities 
at  tlie  dash-illuminated  surfaces  (e.g.  fast  photodesorption  of  nitric  oxide  product  from 
NiO/ZnO*  interfaces  was  readily  time-resolved  from  depiction  of  nitrous  oxide  by  slow- 
chemical  reaction  with  ZnO*;  and  fast  release  of  IID  via  photoiy-sis  of  surface  Oil  and  OD 
groups  on  zinc  oxide  was  readily  distinguished  from  slower  production  of  HD  via  interaction 
of  adsorbed  deuterium  with  light-activated  surface  hydroxyls).  This  aspect  of  the  technique  is 
capable  of  further  developirier>t  in  future  studies. 
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Photoc(Tecis  involving  O.xygcn- 18  nt  Flash-illuminated 
ZnO  and  TiO»  Surfaces 


tlv  Joscpii  Ci'NNisaiiAM,*  B.  Dovu:  and  N.  Samman 
Chemistry  Department,  University  Colteec.  Cork.  Ireland. 

Rcctlvciliih  Stptmbfr,  1975 

Tlie  ulcfil  of  surface  cosmyc  ofTiOi  and  \ut  iout  7ine  osMcs  by  chemisorbed  os>isen  Is  compared 
ulth  tclaU\^e  cflkicncks  for  ph^odcsorptiois  of  '*0|,  as  initiated  by  50  >4  lisht  pulses  and  measured 
by  a ds-rumk.'  mass  speviromeler  technique.  The  results  can  be  understood  “sithin  the  framcvsork 
of  the  Ulcctronic  thes^. 


In  an  et<rlier  public.stion,  sst  considered  the  possible  ri^esTincc  of  Localised  Surrace 
Site  and  0*  ctronic  Band  TItcory  models  to  real  surfacis  of  semiconducting  ZnO 
and  TiO^and  to  photoelTccts  produced  at  such  surraces  by  50/ts  pulses  ofu.v.  photons. 
Experimcnt.il  details  and  pitliminary  results  were  presented  Tor  a dynamic  mass 
spectrometer  technique  capable  of  monitoring  time-pronies  for  release  of  species  into 
the  gas  phase  nbos’c  the  flashdlluminated  metal  oxide  surfaces.  Morcr  recent  results 
of  this  technique,  obtained  by  use  of  oxygen  enriched  in  "0.  are  presented  in  this 
Note  and  are  briefly  considered  in  the  narrow  context  of  agreement  or  disagreement 
with  the  previously-presented  Electronic  Band  Tlieory  moslel  of  ZnO  and  TiOj 
surfaces.'*  ’ 

Electronic  band  theory  descriptions  of  oxygen  chemisorption  ***  onto  the  n*typc 
semiconducting  solids  ZnO  and  TiOa  envisage  conversion  of  some  fraction  of  physi- 
cally absorbed  oxygen,  to  Oi(ads),  and  possibly  O'Cads).  through  localisation  of 
electrons  from  the  conduction  band  or  from  surface  donors  in  thermal  equilibrium 
with  this  band,  /.<*.  (la)  followed  by  (lb)  or  (Ic). 

Oa(g)  P-  Oj(ad$)  (lu) 

Oj(ads)  Oj(ads)  (3b) 

Oa(ads)  V*  0*(ad$) + 0(ads).  (I  c) 

In  tilts  study  a Sartorius  vacuum  microbalance  was  used  to  obtain  estimates  of  the 
extent  of  surface  coverage  by  physically  adsorbed  or  chemisorbed  oxygen,  these  being 
distinguished  experimentally  on  the  basis  that  only  tlie  former  was  reversibly  removed 
upon  pumping  off  gas-phase  oxygen  at  room  temperature.  Results  are  entered  in 
table  I for  TiOj  and  for  three  types  of  zinc  oxide  selected  because  of  widely  different 
concentrations,  i/<,  of  conduction  band  electrons.*  Nett  wtight  increases  registered 
by  samples  when  equilibrated  with  various  oxygen  pressures  in  the  range  I0-2S0  N m~* 
were  too  small  for  accurate  measurement  with  Li-ZnO.  For  pure  ZnO  and  In-ZnO, 
total  weight  increases  varied  with  pressure  approximately  in  accordance  with  the 
Frcundlich  isotherm.  The  reversible  nature  of  most  oxygen  adsorption  on  these 
solids  at  room  temperature  was  demonstrated  by  removal  >90  % of  the  adsorbed 
oxygci't  evacuation.  Tliis  is  termed  Oj(rov).  Restoration  of  sample  weight  to 

1495 


rilOTORrFECTS  ON  OXIDG  SURFACHS 


M98 

determined  with  potassium  ferrioxnlatc  actinomctcr.  These  ver)‘  low  cHiciencies 
would  be  consistent  with  either  the  interaction  or  the  small  surface  cos’crnge  by 
Oj(chcm)  with  holes  via  (3<i)  or  with  cxcitons  via  (36). 

Ojr(nd$)+h*  -♦  0;i(nds)  (3<i) 

0;(ad$)+(c-h)  “•  0,(nds)+c  . (36) 

'Hie  .symbol  Oi;  (ads),  where  .v  ■ 2 or  I,  is  u:td  to  retain  the  genemlity  of  the  mature  of 
chemisorbed  oxygen.  Kcprdless  of  its  exact  nature,  our  values  of  Oj(chem)  in 
table  I indicated  that  the  extent  of  surface  coverage  by  Oj(nds)  soiricd  in  the  sequence 
TiOi  > In— ZnO  > ZnO  > Li— ZnO.  ’fl»e  same  sequence  is  followxd  for  the 
relathx  cHIciencics  of  '*Oj  photodesorption  (r/.  the  last  row  of  table  I)  and  this 
would  be  expected  if  surface  coverage  by  0/(ads)  determined  the  cfliciency  of  process 
(3<i)  or  (36)  in  competition  with  clectron*holc  recombination. 

The  time  profdc  in  fig.  I for  release  of  to  the  ps  phase  following  Dash* 
excitation  of  the  "Oj/mctal  oxklc  interface  illustrates  that  flash  dcso'^ption  of  "0, 
was  not  immediate.  TItis  follows  from  the  fact  that  obscrs'cd  rise>tiiue  to  was 
ca.  0.2s  nt  ««/e  ■ 36  for  tltcsc  **Oa(roctal  oxide*  interfaces,  whereas  rcsponsc*timc 
of  the  system,  ns  demonstrated  by  studies  on  other  systems,  was  \xry  much  faster 
with  minimum  risedimes,  ~0.02s.  llte  observed  slow  release  of  to  the  gas 
phase  could  not  arise  directly  from  (36).  in  view  of  short  e.xciton  lifetimes.  Slow 
release  could,  howxsxr,  arise  if  Oj(ads)  produced  by  (36)  or  (3o)  desorbed  only  slowly 
via  a thermally-assisted  process.  Alternatively  if  the  charge-neutralization  repre- 
sented by  (3n)  were  controlled  by  slow  diifusion  of  holes  to  the  interface  afler  a flash, 
this  could  also  slowly  yield  molecular  oxygen.  These. nitcrnativxs  ha\x  not  been 
resohxd  by  this  study. 
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Oxyp.en  Jntcrmediates  at  Flash-illuminated  Metal  Oxide 
Surfaces  studied  by  Dynamic  Mass  Spectrometry 

JOSCMI CUNSINOHAM,*  UMNDAS  UoVLK,  DuMIS  J.  MORHUMY. 
aivJ  Nkolas  Samman 

CtKmitiry  D«pwtnwn<,  Un«««rMy  Cotk,  Infewt 

AHtiRAcr  Information  It  prMmHd  on  o<ty£(n  !nkrm«!iatct  at  autfactu  of  nxial 

otiik  caulytu.  Apf  Imikm  of  a dynamic  maur  afactrometar  uchnii)M  ykVM  Ititvc'prortk*  of 
maki-rcviUatl  wlunjca  in  preature  or  eompotition  of  mm  oimt  the  calalvat  awfacct  foMoarinj; 
ilUimmaticn  Hiih  n u.v.*|HitM  of  50 in  duration.  MaMt*tUumination  of  CffiOi,  rc>0«.  r>r  %tO 
in  the  prcMncc  of  2 x 10**  N m**of  **Oi  tnultad  in  afpmrancc  of  itotop*  ally  KrambtaU 
otyitcn  u>ith  po»t'IUdi  rim  timn  of  0-1 1.  HvMmu  it  pwwntud  that  Krainiding  atrrm  fram 
o\>i:tn*lb  inturtrtrdiata  producad  b;  «UUi  pbuiolyMt  of  lh«  imul  aUda.  R«lativ«  ctKcknckii 
for  lour  daihdnltialad  procvMct  imoiring  oaygen  at*  )xcMoi«d  for  '*0;i  in  contact  with 
oxidvt  of  flnt>row  transition  nKtaU,  KcmOu  of  capnimrou  carrM  out  with  tow  pmMirct  of 
NiO  andfer  atiphatie  akchoit  prewnt  at  Bashdtluminatad  ainc  o*M<  iwtfaoM  at*  shown  to  b« 
coniiMcnt  with  fixmaticn  and  reaction  oP*0*  at  th«  intetfac*. 

iNTROOtICTIOS 

Surface!  of  zinc  oxide  or  tiunium  tUoxhlc  have  been  reported  to  exhibit  additional 
catalytic  activity,  relative  to  the  nondlluminatcd  system,  when  simultaneously  exposed 
to  u.v.'itiumination,  molecular  oxygen,  and  an  axkliabic  rcar^ani.'**  I'rominent 
cx.xmplei  of  such  pholocatalytic  activity  include  oxidation  of  hydrogen  or  carbon 
monoxide, partial  oxidation  of  C»-Ci*  alkanes  to  correspo^ing  nldehydes  of 
ketones’’’*  over  TiOi  and  the  pltolosynth^s  of  IKOj  In  u.v.-illuminatcd  oxygenated 
at^ucoui  suspensions  of  /nO.  A (neehanism  recently  suggeated  for  this  latter  process  by 
Dixon  '.nd  Mealy*  typltiei  one- general  hypothesis  concerning  these  phoioatalyscd 
oxidations,  since  it  Invvives  both  the  formation ’jf  an  active  oxygen  Intermediate  onrhe 
metal  oxide  surf.tce  iO^'  in  iliat  cum)  and  product  formation  hy  reaction  betwerm 
oxidizahle  reactant  and  the  oxygen  Intermediate  on  the  surface.  The  present  study 
attempts,  hy  application  of  fast  detection  tcchnN]ucs,  to  develop  information  on  ilte 
fc.ictivily,  iifctime,  and  identity  of  any  such  oxygen  intermediate*  produced  at  metal 
oxide  surfjca  hy  intense  pulses  of  u.v.  photons.' 

EXftRIM»?rTAI. 

Metal  oxides  were  usetl  as  llndy  divides!  powders  of  highest  purity  available  coin* 
nKtkially,  vU.  oxides  of  lirst-row  transition  metals  ax  sjicctroicopicaliy  pure  standards 
from  Spex  Industries,  and  re^rch*grade  TiOj  tCode  TiOa-MK  12H)  or  /.\\0  tC'ode 
ZnO’SP  f 00)  obtained  ihrouai  the  courtesy  of  New  Jersey  Zinc  Co.  Surface  areas  were 
determined  from  Na  ailsorptlon  at  77  K u«ng  a Sartorius  vacuum  microbRiancc.  Thin 
layers  of  metal  oxide  on  a <}uariz$ubs(rate  were  prepared  by  coating  it  with  a thick  paste 
m.ide  from  0*2  ' l-O  g of  livetal  oxide  In  triply  distilled  water  and  sub*c^ucnt  vacuum- 
evacuation,  first  at  3iS0  K and  finally  at  623  K for  16  h at  10**  N m**. 

Nitrous  oxide  enriched  to  ’ in  niirogen«IS  at  the  central  atom  was  used  as 
obtained  from  Slohler  Isotopes.  Oxygen  enriched  lo.>9$%{n  oxygen-18  was  obtained 
from  Miles  loiboraiorics.  Reagent  grad*  aVcohclt  were  dri«i,  dblTlkd  from  molecular 
sieve,  and  |uiritkd  h/  irap-lo-irap  dtslillaiions  prior  to  use. 
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Prcicilura,  ’Hm  gfC4t  niajonty  of  c.xp<CMHcnl,«  Iwrc  rcportni  were  caaied  oul  !n 
ihtiamic  wotulitions  wiih  gas  nl  iciluced  prciuire  of  2 x 10'  * N m ® fliiwing  conlin* 
u.iudy  over  a tr.cial  oxide  cataly’xt  to  an  Ion*p«mp  of  80 1 s'  ‘ pumping  speed.  Full 
dei.ids  have  Ixen  pubibhed  cUewhcre*‘'‘*of  the  h)gh*vacuuiu  system,  of  the  c<}uipmcnt 
uiilucd  to  deliver  SO /is  light  pubes  to  these  dynamic  ga.«/mclal  o.xide  inierfaces  itnd  of 
the  dynamic  mass  spectrometer  (UMS).  used  to  monitor  tlnie-proftlcs  of  iUsh-initlated 
eh.nn^  In  gas  phase  pressure  or  composition. 

Use  of  an  asterisk  thus,  gas/mctal  oxide*,  denotes  a u.v.>lllumlnated  Interface  and 
more  conventional  studies  of  photocffiects  were  made  In  statk  conditions  at  such  Inter- 
faces by  contacting  reuctant  gashes)  at  prcsstMct  10— 1 OOO  N m'  ^ with  vacuumskctlvated 
tnetal  oxide  surfaces  at  room  temperature  and  then  continuously  illuminating  them  by 
photons  of  A 254  nm.  t*rtuurt  measurements  with  an  Hdwards  type  GC52  llranl 
gauge  and  analysb  of  samplei  by  a CEC  02I-620A  mass-spectrometer  wets  employed 
toliU  tify  producu  and  their  Increase  with  lime. 

Hetal!*t  fjptftacks  af pfcittwmfiW  fHKtsttt 
A |Kila^um  ferriosaUie  actinometer  located  in  the  cilipikal  cavity  of  the  50 /is 
flash-tuba  was  lucd  to  obtain  values  of  “photons  incidcnl  per  flash".  Relative  ctlWknci^ 
of  fl.'uh-inilialed  changci  In  pressure  of  ‘*Oj,  ‘*0*.  or  >^0-'*0  were  derived  by 
dividing  measured  tnereasM  (or  decreases)  of  gas  phase  oxygen  by  the  appropriate 
value  0?  photons  per  flash. 

KesULTS  AND  DtsctmiOH 

No  evidence  for  Isotopic  exchange  between  flowing  "Oj  and  oxygen-16  of  metal 
oxide  surface  was  obtaioM  at  room  ten^wrature  in  the  dark  at  2 x lU'*  N m'  ” since 
lix  botopk  composition  of  the  gas  remained  unalfeclcd.  Exposing  dark-equiii- 
bmled  ‘*0-/RKtal  oxide  Interfaces  to  the  output  of  the  flash-tube,  produced  readily 
mroMirable  changes  in  signal  level  at  «/r  »■  36. 34,  or  ?2,Tinw-prollies  of  representative 
cliangcs  at  m/r  ■■  36  and  34  are  illustrated  in  Figure  I for  the  fl.'ish-illuminated  **0J 
CTiOi*  interface.  The  two  upper  traces  of  Figure  I were  measured  with  light  Incident 


FIGURE  I OsciltoKope  traces  showing  time  profiles  of  flath-liiiiiaied  changes  In 
signal  level  (V/mV)  mormored  at  m/r  36  or  34  during  and  afler  flash-illutnitwiion 
of  the  “OjeViOi  Interface.  Tejr,  Cluingei  inilialed  by  flashes  incident  Ihrou^  a 38  A 
filler  monitored  at  m/r  »■  36  (trace  a)  and  m/r  » 34  (trace  b}  st  !.ndicat(d  senuiivitbii. 
Bottom'.  Change  initialed  ty  flaslw  incident  rk  quarte  monitored  at  mft  >■  36 
(trace  d)  and  w/r  m 34  (trace  c). 
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liii  tx  !('<A  ttlkcr  nni!  »how  wcy  stniiUr  linw  proliloi  f»>r  afp<4r4tKc  of  aiSJiiiotMl  '^Oj 
or  in  ih«  gi*  phase,  The  rtUilvc  ntaj^iimicf  or  ihc  maximum  pos»-tU>h  in» 

cn»»s(A*n»tlnre;an\V  anti 2 mV. rnpcctu'cty, fur wiftf  *«  ?6 ami m/< ■»  14,whkh 
U the  sanw  ax  the  rdat tveabtinUancc  of  **Oi  anti  ‘’0-**0  In  lh«  go*  phas«.  l-ur«lKf more, 
both  tm  to  50*;  of  half  timo,  h*,of  (H  ».  I*hoio«flfectx  for  **0.-fCf *0/  r!n 

a (tiler  are  ihut  consUtent  with  Raih>«;»Ut<tl  iIcM»ption  of  mokcuUr  oxygen 
lia' ' s »mc  itotofic  compoMiion  as  the  gu  phase  anti  show  ni>  botopk  Krantblmg. 

SlmitM.  uoscrvaiions  were  twiu  and  the  same  conclusion  drawn  for  all  im  metal  oxidei 
(Ushdllummatctt  vdii  a 3HA  filter  In  this  study. 

*rhe  lower  traces  of  higure  t were  measured  with  the  full  owiptK  of  the  Rash  tube 
Incitknt  on  to  ^'O^/CraOji  vie  a quaria envelope.  Time  proliks  measured  at  m/e  «■  t6  In 
tlicsc  conditions  rcseal,  not  only  a rapid  ftaMwiniiUied  desorption  of  *'0j  similar  to 
that  in  the  tipper  trace  of  Pt^e  I,  but  also  a slower  process  whkh  caused  /T"Oi>  to 
decrease  at  tunes  0*2  to  1*S  s after  a Rash  and  to  remain  below  the  iur  Rash  steady* 
state  value  for  post<Rash  times  up  to  2$  s,  ThU  latter  prr.icsss  h not  of  central  concern  in 
this  paper  but  can  reasonably  be  mtcrpreicd*'*  as  an  uptake  of  molecular  oxvgcn  Ocvur* 
ring  riti  collisonal  encounter  of  with  rdativdy  longdived  (fj  iJ  s)  reactive 

centres  produced  by  the  Rasfi  at  the  Oj/CfuO/  IntcrfKe.  As  such  it  senes  to  illustrate 
tlie  skiw  ltme>pro(lics  espected  for  procewes  requiring  postdlash  cuIttsloA  of  gas  phase 
mokctiles  with  the  Rash*activateil  surface. 

Ifihe  signal  level  at  m/e  *■  34wem  (nAucnced  only  by  the  two  Rashdniiiaicd  processes 
which  aHccted  m/e  « 3(1,  then  the  tima-proiik  at  m/e  m 34  shoidd  correlate  closely 
with  that  measured  at  m/e  *•  36  In  similar  condhioAS,  but  with  features  reduced  to  4?;. 
Comparison  of  traces  c and  d of  Figure  I reveals  Instead  that  the  time  profiles  are  very 
difTcrentandlhaim/eM  34  consists  mainly  of  a rapM  rise  with  f}** 0*1  io(A*«m) 
320 mV.  TtiH  is  disproportionaiciy  large  relative  either  to  fix’  m/<^ " 36  in 
another  Rash  or  to  tne  ilecrease  (A* )«»«)&/>  twee  d of  Figure  1).  The  discrepancy  in 
sire,  together  with  the  "fast**  profile  ^ this  transient,  ate  taken  as  evidence  for  a Rash* 
ifdtiateil  oxyge/i-xcfamhlwg  process  Im-olvlng  nreadsorbed  ”0,  and  an  oxygcn*l6 
species  on  the  surface  of  ilJM>actiyai«d  CraOj.  No  evidence  for  release  of  ”0  to  the 
gas  phave  w-as  x»btaioeil,  but  measuncmcnis  were  made  on  Rashdnitiated  dumges  at 
;«/«  ■»  32 .1$  nu  ins'ication  of  extent  of  formation  and  combination  of  oxy’gcn*!  fispecics 
on  the  surfoev  pt  na.di*!ictivat«d  Cr^Oj,  Such  measurements  demonstrated  much* 
enhanced  tdeave  of  *’Oj  from  ’’OffCriOj  umler  RashuKumination  tlomigh 
qu.irtz  (Am4»  230  mV  at  m/e  «■  32)  iha.i  Ihrouj^  the  3SA  filter  (A„„  -»  0*J  mV). 

Wlien  taken  together  with  our  observation  that  significint  oxyjen-scramWmg  occurred 
for  IUsh*i<lumlnation  incident  through  quartz  but  not  through  ihe  38A  filter  {c/.  traces 
h and  c of  Figure  1),  Itv  data  point  strongly  to  probabic'involv'emcnt  of  oxy«n*l6 
fragments  pr^uccil  <ash  photolysis  or  the  surface  in  tlie  Rash*(nTiiaied 
oxygen*scrambling. 

Tiie  main  characterHlks  of  the  four  Rashdnitiated  processes  disiinnlshcd  at  the 
**Oj/CrsOj*  interface  by  the  DMS  technique  may  be  summarized  ns  foilows: 

I’rocess  I : In>:rrase  with  t|*  ~ 0*1  a of  signal  m/r  ••  36,  attributable  to  Rash-Initiated 
desorption  of  preadsorbed  **Oj. 

I'rocess  If;  Slow  decrease  with  Z)’  I s of  signal  at  m/e  >»  36  attributable  to  uptake 
of  “Oa  from  the  gas  phase  by  interaction  with  active  long-lived  cxmtrcs 
produced  on  tlie  metal  oxide  by  a Rash. 

I'rocess  IH:  Increase  with  Z|^  '•>«  0*1  a of  signal  at  m/e»  32,  attributable  to  romialion 
of  by  photolysis  of  Ihe  metal  oxide. 

Process  IV:  Increase  with /|*  ~ 0-1  s of  signal  at  m/e  *■  34  attributable  to  desorption 
of  produced  ly  Interaction  of  preadsorbed  **0,  with  oxygen-16 

species  from  lattice  fdiotoiyMS. 
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In  u^lcr  10  icii  ulKihcr  thoic  pruccvve*  Mere  of  j^ncml  oceurrcnc;,  sltin  l4vm  **f  (he 
s(abk  «\Wc«  of  other  first*row  iranvlion  okiaU  prcjMitd.  vammi*»etlvd?cd  anU 

tluh*:ltumlnaicU  In  iJcnilcat  manner  to  ’’O^/CrjOj*.  Raiilts  of  ih»  sur\-cy  are  pre* 
iiCntcd  in  Table  I urcU'ivcctlkicfKKtfr;' b<periincn;a|  Section).  Al«Mmce  of  any  entry 
for  a procoe  Imiicaiex  ihat  flath'IMiiaicU  chanm  in  jL^gsaMcvel  were  too  small  for 
certain  iktcctkw  with  tl)c  prcYalllng  doIm  ievri.  TliH  cHVelively  iiiflite<J  obervable 
{>roccssc!i  to  lltOK  havin|{  native  efficiencies  X 10’^  Inspection  of  Table  I .shows 
that,  with  2 X 10"  * N m * pressur*  of  **Oj  present  over  the  various  metal  oxhIcs,  one 
or  more  of  processes  I— IV  was  readily  measurable  for  all  oxides  except  NtO.  Onirks  in 
Table  1 have  been  corrected  for  any  small  changes  measured  in  blank  experiments 
carried  out  with  light  iitcidenl  on  to  the  ‘"Oj/quartz  substrate  interface.  Entries  in 
parentheses  show,  for  comfiarison,  the  reialivu  efficiency,  if  any,  of  the  same  flash* 
inlliaud  process  when  IMt  was  inddent  on  to  the  mcru  oxide  bt  rwrao  prior  to  lis 
expoeure  to  **0>  The  folMwing  trends  emerge: 

Kocess  t:  Freeenoe  of  ‘*Oa  caused  a signitks^nt  increase  in  photodcaorptkm  of  “Oj 
for  all  except  the /Mype  semiconductiog  metal  oxMei  NiO,  CuO,  and  CoO.  This  trend 
appears  fully  consistent  with  arguments  presented  elsewhere  the  autnors'*''*  that 
availability  of  conduction-band  cfoctrom  (a*type  senwconduettvity),  inilucrtccs  extent 
of  Ot  phoiodcsorption,  because  it  controls  extent  of  Ox'^fs)  formalim  at  the  Ox;iHctal 
oxide  interfaces  prior  to  the  flash. 

l*roc<ais  !(:  Thk  slow  tong^Mrsisilog  uptake  of  likewise  did  not  occur  for  the 
p-iype  metal  oxides  but  was  readily  mearurabh  for  other  metal  oxides,  except  VgOj. 
with  cfliciency  increasing  in  the  sequence  ZnO  < TiOx  < CraOx  w Fe)04.  This  trend 
would  be  consistent  with  post-flash  reaction  of  gas-phase  O*  with  long-pmisting  suiface 
centres  bearing  excess  negative  charge.  Such  centres  couki  exist  at  surfaces  of  n-type 
semiconducting  oxides,  after  a flash,  either  as  lower  valency  slates  of  the  cations  or  as 
surface-trapped  cieefrom.  fficsent  results  do  not  suffice  to  distinguish  between  these 
possibilities. 

IVooess  Ul:  Presence  of  ‘*Oa  at  2 x 10"*  N m'*  either  decreased  the  extent  of 
lattice  breakdown  to  ’*Oa  (as  occurred  for  CoO,  ZnO,  am!  to  lesser  extent  for  VaOj  and 
FejO«>,  or  inaeased  it  (as  occurred  stronj^y  for  CraOj  and  to  lesser  extent  for  CuO). 
Comparison  of  the  cfficienclea  of  Process  I with  Process  III  for  lliese  various  metal 
oxido  reveals  no  apparent  correiation  between  these  processes,  such  as  has  been  notetl 
elsewhere*'*  for  variaus  zinc  oxides. 

Process  IV:  Oxygen  scrambling  with  apparent  efficiency  > 10'*  was  detected  only  for 
”Ox/Cr,Oj*,  ‘*Oj/FejO.*,  ‘*Ox/ZnO*,  and  **Oj/CoO*  Interfaces  and  these  cofrespond 
to  interfaces  which  simultaneously  underwent  pi^dysis  to  **Oa  with  larger  or  com- 
parable cfficicnciei.  Other  **Ox/metal  oxide*  interfaces,  which  were  shown  not  to 
nhololyse  to  **Ox  '.vilh  appreciable  efficiency  aho  did  not  produce  significant  flash- 
inillalM  oxygen  scrambling.  Such  correfation  between  extent  of  flash-initialed  oxywn 
scramUiiw  atui  lattice  phoiolysb  could  be  understood  if  photolysii  produced  either 
**OjM'  '*0;;.  intermediatea  at  lha  surfica  and  thsie  purticipalcd  in  oxygen  scrambling 
vA>(l),  wtih/f  «■  Oor  I andX"«  1 or 2. 

'•OS'  + '*o,-(»*qu'*c^>'-  -*  '•o-‘*o  (0 

Tills  hypothesis  is  similar  to  recent  suggestions  that  '*0~  specks  form  on  surfaces  of 
ZnO  under  continuous  u.v.  iiluminatio?'*'*  and  contribute  to  oxygen  Krambling  or  to 
photocatalysed  oxidation  of  carbon  monoiude.'* 

Um  ofiifi  u mhanee  0“formMhn  ott  UhmbmuddiK  oxUt.  A technique  employed 
1^  prevm»s  workera"  to  enhancs  seiectiveiy  formation  oTO*  on  metal  oxide  surfaces, 
and  so  faciltlaie  study  of  it's  rractivily  and  e.s.r.  spectrum"*'*  involves  transfer  of  an 
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Tabfel  ! 


Ksbii'c  I ttktciK'lA  of  0%}£CA  fhoioclfccu  FUt)i-lnllMt(\l  r&i  Quaitt 


System 

1 

m/c"  W 

UlficictKy  of  l*TOceu* 

11  III 

m!t " 3d  mft  «•  32 

IV 

mU»U 

4-4  X I0‘  * 

~H  X i0*» 

40  X 10  * 

\'ac,TiOi* 

(20  X I0*») 

* 

-M 

M X W* 

l«2  X 10'» 

M. 

vx;v,o»‘ 

($0xl3-n 

(20  X 10*‘) 

M. 

'•0,'CriO,* 

2S  X I0*» 

- 1-0  X to** 

2-3  X 10“ 

30X  10“ 

\ijc;Cr40i* 

— 

(40  X io*n 

»0i/Fe;0.« 

fr3  X 10-* 

-1*3  X W* 

« X 10“ 

4H  X 10“ 

vxlKeA),* 

— 

m X 10“) 

MW 

‘•Oi/CoO» 

-3‘4  X I0-* 

7-4  X 10“ 

\’Z  X 10-* 

vac/CoO* 

MW 

(2-7  X 10”*) 

MW 

••0../NK)* 

-3-4  X 10-* 

4-2  X to  * 

■w. 

\x/NiO* 

•MW 

WM 

(30  X to**) 

>»OjfCoO» 

WM 

2-9  X I0'» 

3 3 X to-* 

mc,'CuO‘ 

MW 

(t  o X I0“) 

WM 

“0,.tZ«0* 

I S X to** 

-1*7  X I0*» 

70  X 10”* 

l ox  to  • 

uc/ZnO‘ 

M 

(41  X I0“) 

MM 

* See  tcM  tor  tktslM  d«ij;Mt{on  of  each 


electron  to  N^O  from  ih«  metal  oekk  and  diMOciaiion  aoconlinj  to  ;h«  overall  xheme, 
(2).  KcHilts  In  ihk  section  reiaie  to  our  allempM  to  um  this  proccu  to  generate  nljh 

NiOu,  NA.>-—-  >NaO-„)  - + 0*,„  (2) 


traniient  concentrations  of  O*  at  the  Interface  between  {aseoua  N/>  ami  a flash* 
illuminated  metal  oxide  and  si^ice  to  study  reactivtfy  pf  O'.  The  featibUity  of  thus 
employing  gaseous  NiO  as  a souice  ofaddilional  O’  at  a flash-iilumioarcd  interface 
was  first  cbMod  by  observing  the  effect  of  Nx'*0  upon  tbs  oxygen  scrambling  process 
noted  above  for  >*Oj2oO*  Intcrfaom.  Introductitm  of  >lx‘*0  at  pressure  3 x I0~* 
Nm*’*  caused  a four-fold’ increase  in  the  amount  of  ‘*0>'*Q~Heased  from  dte 
(Ka'H)  + **Oa)/ZnO^  interface  reialivc  to  that  measurad  frorr/lhe '*Ox/ZnO*  inter- 
face. £udi  an  tncruse  was  fully  cotuktent  with  llasihinitialcd  produmion  of  additional 
specke  from  We  (2)  and  iHiir  contribuiion  to  rapid  oxygen  xrambling  vh 
xheme  (I). 

Aliphatic  alcohols  were  used  as  additional  tests  of  O*  In  voivement,  in  vkw  of  reports 
liut  O'fjr)  specke  underwent  secondary  reaction  with  olctrtiok  in  the  presence  of 
nitrous  oxide.'*  Warman  altribuled  the  appearance  of  additional  product  nitrogen  to 
xhemee  (3a)  and  (3b). 


ROH  + O’  X RO’  + OH)  (or  RO  + Oh’)  (3a) 


and^ 


X + Y-  + ,v>— 2H,  + Products 
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(3b) 


Ih\vl^,  i\fofrhtfy.  Summon 

Wurman  argucU  that  ubtencc  uf  aJiltliona)  Na  praluct  from  lerliary  alcohols  orlj;inated 
because  process  (3a),  involvini;  abstraction  of  II  or  II*  from  the  alcohol,  could  not 
occur  in  the  abseiKe  of  an  Jt*hydro£cn. 

Results  obtained  in  this  study,  on  (he  extent  of  Na  prorluct  formation  at  NaO/melal 
oxide  Inter  facY  in  the  presetKe  of  various  alcohols  are  summariicti  In  I'i^rc  2 and  are  in 


FIGUKB  2 Growth  of  nIlro{;en  product  with  contxt  time  (minutes)  from  inter- 
actions of  zinc  oxide  with  N^D  alone  or  premised  with  alir^ic  akohois.  U.v- 
illumination  of  (he  dark«|uilibrated  interface  by  photons  (234  nm)  was  commenced 
alter  contact  limes  indkalcd  by  an  arrow.  2A  Trace  (i)  Gas  phase  consitlinj;  initially 
only  of  NjO.  Trace  (it)  Gas  phase  consisting  initially  of  (NjO  + CyHtOH).  2B  Trace 
(0  G«  phase  consisting  initially  of  (N^O  + Bu’OH).  Trace  (ii)  Gas  i^se  comisilns 
initially  of  (N^  + Pr*DH), 


good  agreement  with  Warman’s  explanation.  Curve  (i)  of  Figure  2A  ahosas  an  Initial 
rapid  production  of  Nj  product  at  the  HfiJZtiO  Interface  in  the  dark  whicit  is  in 
accordance  with  Khemc  (2)  and  published  work.  Comparison  of  the  N>  product  formed 
when  ethanol  (curve  ii  of  Figure  2A)  or  isopropyl  akohoi  (curve  it  of  Figure  2B)  were 
simultancouaiy  admitted  to  the  ZoO  interface  together  with  NtO  reveals  additional 
formation  of  Ns  product— as  etpacted  from  renct^  of  0~  with  thcae  alcohob  in  the 
dark  r/d  schemes  (3a)  and  (3b).  TnatO~(s)  produced  rieschcme(Z)on  theZnOinl«face 
retained  seicctivily  dmilar  to  ga»>phaM  0~  and  did  not  react  with  t-butyl  alcohol  ide 
schemea  (3a)  plus  (3b)  to  produce  additional  nitrogen,  b illustrated  by  the  similarity  of 
the  plots  for  (N*0  -f  t-bulyl  akohol)/ZnO  (plot  (t)  of  Figure  2B]  and  NsO/ZnO  [plot 
(0  «f  Figure  2A]. 

Additional  type  (2)  procetM  at  NsO/ZnO  interfaces  had  previously  been  reported 
under  continuous  u.v.-iliummation  and  attributed  to  migration  of  photoeenerated 
holes  to  the  negatively  charged  NiO/ZnO  interface.***  Additiortal  Nt  product  from 
extra  type  (3a)  and  (3b)  events  were  th^ore  expected,  on  Warman's  mechanism,  from 
illuminated  mixtures  of  NaO  with  prinwy  or  secondary  alcohol.  The  section  of  curve  ii 
uf  Figure  2A  which  lies  immediately  to  the  right  of  the  arrow  denoting  start  of  u.v. 
illuminations,  densonstrates  an  initial  rapid  rise  consistent  with  u.v.  Illumination 
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initiating  addili'jiiut  proiiiictiun  of  Nj.  probably  rl<f  (2)  — fj;>)  •-  (3b)  at  the 
(NiO  + CaHiOII)/ifnO*  IntcrfaMs.  Tins  system  w’a*  cxainlneU  umicr  flash* 
illumlnalion  on  iha  UMS  sy'stcm  in  the  hope  that  individual  steps  of  this  3'Step  llluniln* 
ation-induccti  nroducliun  of  Ns  might  thereby  be  resolved.  Tiiite  profiles  in  Mgtire  3A 
and  ?ii  allow  detailed  comparison  to  lie  made  of  fast  citanges  in  gas  phase  pressure  of 


I-IGUKB  3 Cbniparison  of  time*|HO<«lc»  fur  change*  In  signal  loei  (V/mV)  for 
N'^0  * and  Nj*  tlunMnltialcd  at  an  NtO/^M)*  or  an  (NjO  + lltOH)/ZnO  * interface. 

3A  Upper  trace:  I'rofile  at  w/e  "4S  from  mixture  of  *‘N‘*N‘*0 

with  CjDtOI)  flowing  over  a flash-illuminated  2nO  surface;  3 A bower  trace:  I’roide 
for  flash-initiated  ortsductfon  of  Nj*  from  (NjO  -b  EtOH)/ZnO‘.  HI  Upper  trace; 
I'rofile  of  flash-initiated  deptclksn  of  •*N**N‘*0  from  the  gas  phase  over  NjO/ZnO*. 

311  Lower  trace:  Profile  of  flash-initiated  growth  ofNj  in  gas  pliase  above  NjO/ZnO*. 

NuO  and  Na  over  the  (NjO  -r  KtOH)/ZnO*  and  NaO/ZisO*  interfaces  following 
idinlic:d  flash-illunilnalion  t’nrough  quartz.  Hie  profile  for  NjO  * over  NjO/ZnO* 
shosvs  a decrease  In  gas-ph.ts<  NjO  attributable  to  process  (2)  at  the  flash-activated 
suiface  and  subsequent  tcstoraiion  of  ilse  pre-flaslt  steady-state  condition  within  3s 
(upper  trace  I-ig,  311).  On  iltcolherhnnd,  the  trace  for  NaO*  over(N?0  + EtOH)/ZnO* 
(upper  trace  big.  3A)  Indicates  an  initial  raphi  ilcsorplion  of  NaO  oiul  superimposed 
upon  that  a secondary  process  which  depleted  NaO  from  the  gas  pliase  and  rcsnltcsl  in 
«n  nlinost  linear  section  of  the  profile  at  times  1—2*5  s after  the  Ihish.  Our  preliminary 
interpretation  of  tliis  section  is  that  it  arises  from  step  (3b)  involving  reaction  of  NjO 
from  the  gas  phase  with  intermediates  (X  -b  Y)"  rapidly  produced  via  (3,i)  and  in- 
volving interaction  of  O ’ vvitlt  preadsorbol  ethanol.  As  required  by  this  interprciation, 
tlic  (Ime-prolilc  for  production  of  Nj*  over  ttasli-illuminaled  (N;0  -b  UlOl-O.fZiiO* 
(lower  trace  in  iMgurc  3A)  likewise  shows  a linear  section  corrcsjionding  to  a sccond.iry 
process  yielding  uddiiional  NjC?)  after  fast  initial  Nj  production  {cf.  lower  Iraco  of 
Figure  3U  and  note  tliat  no  linear  secondary  process  was  apparent  in  the  time  profile 
forNa*  fromNsO/2JnO*), 

AcKN0wuuxiKME.NTS.  Financial  support  from  tiie  National  Science  Council  of  Ireland, 
from  the  Department  of  UdiKation  of  the  Irish  Government,  and  from  USAF  through 
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Abstrt.  ct 

The  nature  of  active  sites  on  ZnO  and  Ti02  capable  of  dehydrating 
or  dehydeoseuating  C2~C/j  aliphatic  alcohols  to  very  linited  extent  at 
15-3o”c  is  exaaixied  both  for  liquid  alcohol  and  alcohol  vapour,  Absenca 
of  ether  products  in  each  condition  is  interpreted  as  cvi’derce  against 
fomation  of  carboniua  ions  as  iaportant  intermediates.  Observations  that 
ease  of  duhydcat’on  is  greatest  for  t-butanol  arc  interpreted  instead  in 
terms  of  alcohol  interaction  with  Lewis-acid  type  surface  sitca,  leading 
to  synchronous  loss  of  OH  and  H from  adjacent  carbon  atoms.  Sites  active 
in  this  manner  are  tentatively  identified  as  coordinatively  unsaUirated 
metal  ions  whereas  coordinatively  unsaturated  oxygen  ions  protcote 
dehydrogenation.  Observed  effects  of  uv  illumination  and  of  K2O  additions 
arc  consistent  with  this  description  of  active  surface  sites. 
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Introtbichion 

oc  iKiy  ’on  i*mc!  t/ith  hil;U  di*;*rf*e  of  c.niriUmtivf  uns  iCurnciun, 

vlx.,  or  0 , IwJ  provionuly  b.'cn  idontiilo*!  on  vaeM':n-out"iajed  ZnO 

or  iiUsfncv.?.^  In  >:his  ntudy  dehydration  .i'*d  d^hydro.^anution  o£ 

alcohula  on  such  sutEacea  at  15~30°C  arc  cxamLnc'd  with  two  objectives: 

firstly,  to  nsseaa  the  importance  of  Lewis  acid-base  character  of  such 

active  sites  in  these  reactions,  and  secondly,  to  examine  the  role  of  0 . 

cus 

In  furtherance  of  these  objectives,  and  particularly  in  order  to  facilitate 
comparison  with  published  rate  constants  for  reaction  of  0 with  alcohols 
in  honogeneous  liquid^  or  gaseous  systeas,^  interactions  of  the  cetml  oxides 
have  here  been  studied  with  alcohols  both  in  their  liquid  and  vapour  phases. 

Kxperiaental 

Reagents : Alcohols  :;ere  Analytical  Reagent,  or  equivalent  grade,  which  were 

dried  over  nolecular  sieve  or  WaOH  and  distilled  prior  to  upe^.  Metal  oxides 

• 

were  high  purity  powdered  ZnO  or  Ti02  supplied  by  courtesy  of  New  Jersey 

Zinc  Co.  as  Zn0“SP500  or  Rutile  MR-128.  Samples  had  similar  particle-size 

7 —1 

distribution,  reflectance  spectra  and  surface  areas  (A.O  and  5.4  ta'g 
respectively) . O.’tygen,  nitrous  oxide  and  nitrogen  ware  "British  0:<ygan 
Grade  X"  spectroscopically  pure  gases  for  mass  spectrometric  experiments, 
but  wurc  from  ’medical'  or  "white  spot"  cylinders  (BOG)  for  gas 
chromatographic  experiments . 

Procedures ; Metal  oxide/Alcohol  vapour  interactions  were  followed  by  mass 

spectrometric  analysis  (CCC  llodvtl  21-601D  or  Hicromass  6 mass  analysers) 

and  pressure  measurements  on  conventional  vacuum  systems  routinely  attaining 
. -4  -2 

residual  pressures  <10  II  ro  . For  these  investigations,  ZnO  or  TiOg  were 
deposited  as  thin  layers  onto  quarts  substrates,  dried  and  then  outgassed  on 
the  vacuum  system  in  conditions  reported  to  reduce  surface  hydroxyls  to  low 
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Abstract 

0 

Iha  nature  of  active  sites  on  ZnO  and  Ti02  capable  of  dehydrating 
or  dahydeosenatiag  C2-C4  aliphatic  alcohols  to  very  limited  extent  at 
15-30°C  is  examined  both  for  liquid  alcohol  .ind  alcohol  vapour.  Absence 
of  ether  products  in  each  condition  is  interpreted  ns  evidence  against 
formation  of  carbonium  ions  as  important  intermediates . Observations  that 
case  of  dehydration  is  greatest  for  t-butar.ol  arc  interpreted  instead  in. 
terns  of  alcohol  interaction  with  Lewis-acid  type  surface  sites,  leading 
to  synchronous  loss  of  OH  and  K from  adjacent  carbon  atoms.  Sites  active 
in  this  manner  are  tentatively  identified  as  coordinativefy  unsaturated 
metal  ions  whereas  cooedinatively  unsaturated  oxygen  ions  promote 
dehydrogenation.  Observed  effects  of  uv  illumination  and  of  N2O  addition 
arc  consistent  with  this  description  of  active  surface  sitas. 


vi.:.,  1f«  hrn  .tC  coatinuuu,.  r/«r'  iliot  .it  ra. 
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lU  *'.  Ra.jjiU«.<  w**co  cooled  to  roMa  tiiiint^fature  uctli*r  10  II  n ptvi 
tlUM  .<  r.CiVuly  flow  ot  alcohol  vayouc  at  10  II  n *”  ws 

usually  established  over  tha  n:*Lal  n.'tidu,  .•’.Hhou^h  ae  pcelicsinacy 

Ktea3uce'’.BnC3  ’..Mte  .radj  vich  a static  syatca.  In  soma  e;;j» ’‘ciner.ts  the 
cu‘tal  oKide  .lubatrate  was  illumin.atcd  through  a *Vyrex*  envelope  by  the 
output  of  .1  150  iwitu  laediua-presaure  mercury-arc  Ismp.  Product  formation 
in  dynamic  conditions  ^lera  detected  cither,  by  mass  spectral  analysis  ofi 

_3 

gases  ca.  10  sec.  after  their  emergence  from  the  reactor,  or  by  continuously 
condensing  product  into  a Xiquid-lly^  cooled  trap  over  0.5-4  hr  contact  time 
and  subsequently  mss  nnaly.sing  the  condensate.  Procedures  similar  to  the 
latter  were  used  to  nnal^ise  products  from  the  static  reactor. 


Metal  oxide/?. tquid  Alcohol  interactions  wore  investigated  by  establishing 
a flow  of  carrier  gas  (H2,  O2  or  K2O)  through  a suspension  of  powdered  ZnO 
or  TiC»2  in  liquid  alcohol  and  then  analysing  samples  of  the  emergent  carrier 
gas  with  a Pye  104  gas  chromatograph  fitted  with  a flnma-ionisation  detector. 
Mank  runs  with  no  added  metal  oxide,  but  with  natrier-gas  passing  through 
prepared  liquid  solutions  of  acetone  and  isobuujTaldehyde  in  isobutanol, 
established  tha  validity  of  utilising  carrier  gas  to  sweep  ouc  representative 
vapour  phase  samples  and  showed  sensitivity  to  < O.IZ  of  aldehydic  or  ketonic 
product.  Liquid  samples  were  also  taken  at  intervals,  centrifuged  to  remove 
suspended  metal  oxide  particles  and  injected  onto  the  chromatograph  for 
analysis.  Calibration  of  retention  times  and  sensitivity  was  made  by 
introducing  knoxra  gaseous  or  liquid  reagents  cither  through  tha  gas-sampling 
valve  or  by  direct  injection. 


Results 


Alcohol  vapoiiv/tljbdl  Oxide  intevaebiono  in  atcbic  synbext:  Mass  npectrometric 
analysis  established  that  no  detectable  deh3'dration  or  dehydrogenation 
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i-v*'»lve!l  irtto  l’,aa  pluac>  at  n»Md  t»'ap .umIms:*! 

fCU.iaul , iu'iprop.mul  wc  iinbucanol  »:ont.idt(*d  v Jtuw\~activ  tt«.d  *^^^2 

~2 

Uavt'i  'C,  c€»at.i*?t  o£  c-biitanol  ZuO  at  10  U n lor  ZQ  nln  ptoduaoU 
n*'it.uriUl.v*  if.ybutGna  product,  which  evolved  into  the  tju  phase  at  roonv 
tcnpetatucG  and  was  collected  in  a trap  at  -19o*^*C.  Araimt  o£  this  product 

is  indicated  in  Table  X*  Appearance  oE  a measurable  alUcr.e  product  only 

• 

Eron  the  tertiary  alcohol  appeared  consistent  with  its  gtiater  ease  oE 
dehydration. 

The  possibility  that  other  dehydration  or  dehydrogenation  products 
had  been  produced  from  the  alcohols  by  active  sites  on  ZnO  or  Xi02  but 
retained  as  adsorbed  species  at  room  tesperature,  was  inyestigated  by 
subsequent  themal  desorption  in  vacuo.  A liquid  K2  cooled  trap  was  used 
to  collect  all  condensible  species  desorbed  by  increasing  the  temperature 
of  the  metal  oxide  to  350°C  in  SO-degree  increments.  Results  of  these 
thermal  desorption  studies  were  conveniently  suxmarised  by  histograas, 
such  as  arc  shotm  in  1?ig.  la  and  lb  for  various  . product  from 
isopropanol/ZnO  and  cthanol/ZnO,  respectively.  The  alkene  released  at 
lower  tcnparatucos  (30-250°C)  is  listed  in  Table  I as  corresponding  to 
desorption  of  molecules  already  formed  by  alcohol  interaction  with  active 
sites  at  room  temperature,  whereas  dehydration  product  released  at  higher 
temperatures  (250-350°C)  is  attributed  to  dehydration  of  strongly-held 
alcohol  during  incremental  heating  of  the  substrate.  Formation  of 
dehydration  product  on  ZnO  and  Xi02  surfaces  at  temperatures  > Z50°C* 
has  previously  been  reported.^ 

No  evidence  was  here  obtained  for  ether  products  from  any  of  the 
alcohol/metal  oxide  systems  thus  studied  in  a static  reactor  with 

It 

subsequent  thermal  desorption.  This  argued  against  formation  of  long-lived 


- 3 - 


carl*  i*'  in  tufnatian  o£  tti'  ol>..f»va4  nl';**;*  *3,  •iirs«.fi 

ct'at  «vt  tij's  (u>)  to  A hr)  ami  r.n<‘' nc.'>  pu7.*v.\’*  hy  (ci.  Ill 

ul  !i*ar)  ap,(  •act'd  to  alloi;  lor  lotmfuta  ly  bi;  ol»'culac 

irttf-v.ccion  o»  alcohol  t.lHi  any  r.i-ch  raictaca  c.ir-»o»ti*'s-ion  jnCQm'dia?:*7a. 
I’h  a-*  c':?*>rir3jnt:u  did,  hoi/ivar,  y’^ld  cvidonuo  tor  di:?iydco«;^pat:ion  of 
ocU.inol  to  ncocaldehyde  nnd  of  isopropanol  to  ocotons,  although  naithec 

product  desorhps!  at  roon  toupekratura.  MoIpcuIic  hydro.’ja  fragoiint  in 

o • 

corroaponding  anount  desorbed  fron  ZnO  at  50-150  C and  from  Ti02  at 

150-250°C,  follo«.*ad  by  acotonu  fron  isopccpanol  (250-3S0°C)  or  t-butanol. 

Contrary  to  objervntions  reported  by  McArthur  and  Bl5.ss,  ^ ocetaldehydo 

did  not  desorb  from  2r.O  but  vas  de;^rAded  to  propane,  tnethyl  ncntylcnfr, 

1.3  butadiene  and  CO2,  thcmal  desorption  of  uhich  provided  indirect 

evidence  for  alight  dehydrogenation  of  ethanol  on  ZaO.  Acetaldehyde  plus 

these  doconnosition  products  desorbed  fron  Ti02  in  Che  range  150-350°C. 

Tabl«*  I liutraiarlses  Uha  estiaates  thus  obtain7.d  for  the  extent  of  roon 

« 

tcnparncur‘C  d.-hydraclon  and  dehydrogenation  of  alcohols  over  vacuun 
activated  UnO  and  Ti02.  Kntrics  in  p.trenches  »s  in  th-e  Cnbla  indicate  any 
mrh<-d  changes  which  addition  of  IJ2O  at  10  M in  “ produced  in  anount  of 
dehydration  or  dehydrogenation  product  when  ainultaivously  adnittad  with 
alcohol  vapour  to  the  same  surfaces  and  these  data  denonstratc,  in  general, 
enhanced  convorainn  to  d?hydrog#*natoJ  prviduct. 


Alcohol  vapoui’/HaUd  Ox^Ao  intovactio>'^,  in  d.fjrisrr’o  oyji:nt  a*  pra-aartrsa 


“2  -2  . 

< IV  ' 1‘  rn  ; Possibilitl’s  for  readsorption  of  primary  productn  and 
r}5ei  t.  u<t~‘;*ion  to  other  species  by  secondary  reactions  on  the  surface 
(e.g.,  oxidation  of  a.lkene  to  aldrhydu  or  hetore  by  o’tyt>en  fron  Che  inctice) 


was  an  evident  dlsadvantaga  ot  the  static  systca. 


Interactions  were. 


therefore,  also  studied  in  dynamic  co''ditionr.  at  such  Tow  pressures,  that, 
once  desorbed,  the  primary  pcaducts  liml  conpnrojle  pcobihillty  for 
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r.*  .-ifprija  ur  f***?  v .01. wit Itm  intt*  n t*i4,i  '*l  -inV*C. 

{.C**|3vi ri'lf  vi  - Mi,  is*»*!i!ct.i  l.y  vtinlitu  fir*.;-  tu  nnl  rhnr 


cu  i.xto  r>*l  v".*5r.int  mu  sho’.a  Co 

in  st'iiMitivity  fo  Ui?C',cC  or  prnpur  t pcoduacs 

aci.‘;?p».  fro.T  very  neoh  loupc  oxposucea  co  iuoprup^aoX  vipour  (0.1  Larr'puit) 
than  vicU  Che  sc.itic  systen  (typically  150  Langauir).  Kvan  at  this 
enhancatl  aor.aiLlvity  no  evidence  vaa  found  for  ether  products  fron  any 
.alcohol*  but  this  vas  hardly  surprising  since  probability  of  two- 
step  processes  requiring  successive  interactions  with  two  alcohol 
nolcculcs  would  he  very  low  at  (he  reduced  pressure. 


Data  presented  in  Pact  B of  Table  I facilitate  conparisoa  of  rates 
of  foraation  of  various  products  from  primary*  secondary  or  tertiary 
butanols  in  these  conditions  over  dark  or  uv-illusinated  ZnO  and  Ii02. 

Knther  surprisingly  these  data  establish  that  acutone  was  the  major 
product  from  non-illuninatod  t-butanol/raetal  oaide  interfaw^  rather 
than  the  isobutene  anticipated  on  the  basis  of  known  case  of  t-butanol 
dehydration.  These  observations*  and  the  absence  of  measurable  isobutene 
or  acetone  product  from  the  other  butanol/metal  oxide  systems  (cf.  Table  IB)* 
suggcsccd  secondary  oxidation  of  primary  isobutene  product  from  t-butanol 
by  oxygen  from  the  non-illuainated  metal  oxide  surfaces. 


Entries  in  parenthesis  in  Table  IB  show  that  illuminating  the  t-butanol/ 
Ti02  interface  with  photons  of  wavelength  > 300  nm  greatly  enhanced  the 
yield  of  isubutene  without  increasing  acetone  yield.  Illumination  did  not 
produce  detectable  yields  from  isobutanol/Ti02»  hit  butenes  and  methyl  ethyl 
ketone  photoptoducts  were  readily  detected  from  sec-hutanpl/Ti02.  Comparison 
of  the  yields  of  butenes  from  the  butanols  over  illuminated  Ti02  shows  that 
the  intrinsic  reactivities  of  the  alcohols  for  loss  of  II2O  remained 
important  in  detemining  extent  of  dehydration  over  the  uv-illuminated  TiOy 
surface. 
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Uatf*  o£  conwciiiion  oi  vapour  to  u tuyar  -iion  or 

uoUydro.f  ‘uxcion  protlucfea  over  non-llLuminatfi  TiOj  or  ZnO  fiurf actjj 
<n  clyntaic  conJitiona  at  roosn  tcnporaturw'  va«  to^»  alow  (typlcilly 
\ tu  (.tCf'tant*  tiiul  O.Ijw  to  iaobut**uf  for  fc-tnlanol/’4n0  in  inlna) 
to  pt‘rnlt  ineanln.Tful  jTonihorinq  by  an  on-lin'^t  analyaor.  V?3 

cr.tabllohoJ  ho'wevor#  that  additional  chang<*i  producfd  by  continuoua 
uv-illumLnation  of  tho  intorfacna  could  be  ronitored  in  thia 
tunnor  and  Figaro  2a  aurrmarisos  obaarvationa  mada  on  the  t-buhanol/ 

2n0  wSivn  illuminated  by  light  tranonitted  to  the  interface 

via.  a 3B.^  filter.  Note  the  contrast  in  this  figure  between 
Initial  rapid  evolution  of  acetone  photoproduct  into  the  gas  phase 
and  slower  appearance  of  Isobutene  photoproduct  when  the  t-butanol/ 

ZnO  interface  waa  continuously  Illuminated  with  a constant  fiu:< 
of  photons  of  wavelengths  340-640  nm.  This  latter  observation 
suggested  cither  that  isobutene  was  the  product  of  a secondary 
process  on  the  illuminated  interface^  or  that  Initial  isobutene 
photoproduct  underwent  immediate  oxidation  to  acetone  until  the 
active  oxidation  sites  became  depleted.  No  acetone  or  butene 
photoproducts  were  detected  when  sec-butanol  and  isobutanol, 
present  o\»ftr  ZnO  at  lo”**N  m wore  uv-illvuninatod  and  monitored 
in  identical  conditions  - an  observation  which  indicated  that  the 
intrinsic  case  of  dehydration  of  the  alcohols  was  the  main  rate- 
doterroining  factor  even  in  photodehydrption.  Isobutanol  and  sac- 
butanol  did  undergo  photoassisted  dehydroge.nation  to  isobutyral- 
dehyde  Md  mcthylethyl  ketone  and  those  products  increased  with 
illutninntion  hiwo  in  manner  similar  to  isobutene  under  illumination 
340-640  nm. 

The  lower  trace  rn  Fig,  2b  illustrates  growth  of  another 
dehydrogenation  product  vin,  acetaldehyde  from  the  Ethanol/ZnO 
interface  but  under  illumination  by  photons  at  254  nm.  The  upper 
trace  in  Fig.  2b  shows  that  an  increased  extent  of  dehydrogenation 
was  directly  observed  over  this  illumiiiated  interface  when  nitrous 
oxide  was  added  to  the  inlet  gas  at  pressure  equal  to  that  of 
alcohol/  thereby  demonstrating  greater  sensitivity  for  this 
technique  than  for  the  static  system.  Since  FSR  results  reported 
by  Lunsford  demonstrated  that  presence  of  NjO  over  illuminated  ZnO 
greatly  enhanced  the  formation  of  o’*  radicals  on  this  metal  oxide, 
the  increased  photo-dehydrogenation  here  directly  observed  in  the 
presence  of  tl.^0  (cf.  Fig.  2b)  suggests  that  phohogenerated  0 
radicals  contributed  to  dehydrogenation  at  the  iithanol/ZnO  Interface. 
Presence  of  N^O  did  not  increase  dehydration  product  significantly 
in  these  systems  when  studied  with  the  on-lix'.e  analyser. 
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.liVtli-M  » ut  cacci»  J muL  o£  nn-ij  •nuiuu  5*uO  **c  ifs  imr^ficd 

ifA«%'st><*sul  by  a citniiuuoisa  Hm*#  uC  iiltra^,*****  c itcier  pic^’blisbed  tltnt 
:'o  i.l;'.nl£ican»;  ..nil  uaed  ot  bncet’.**;*  or  • or  ncenuna 

couU  Ih*  .teUiov.'tl  nichar  ia  the  dark  or  imdf^r  w-*Uuriiu::i>ji»t.  Visual 


ob3*'r%'Uion  zi!io!.'4  that  Ti02  bi'utofc  bine  in  s**cH  tonditi  mi,  Chvrc*by 
indicaiu*,';  reduction  o£  tha  TiOy  suefawe  thcou/.h  phocoar.iiscud  interaction  j 

with  the  liquid  alcohol.  Use  of  ony:;en  na  carrier  gas  cupahlti  of  tc-  j 

oxidising  cha  surface  waa  therefore  indicated.  With  Op  aa  carrier  gas  no  I 

significant  grouch  of  butenes,  isobutyraldehydft,  cChar  or  acetone  product  i 

occurred  either  in  the  liquid  phase  oc  Che  non-illuaiaaCed  suspension  or  j 

in  th*  vapour  phase  above  it.  When  illuainetion  conBenced,isobutyraldehyd»  i 
and  acetone  photopcoducts  increased  ntcsdily  over  a 400  nin  period  to  Che  I 

I 

Uniting  values  susmrised  in  Part  C of  Table  I.  Wo  ether  product  was 
detected  fro*  isobntanol  and  ethanol  at  20**C  or  C-butanol  at  30**C.  Tor 
this  latter  sysccei  acecone  was  the  donlnant  product  and  no  significant 
grouch  of  isobutene  photoproduct  was  observed  but  this  would  be  consistent 
w'ich  irsediata  onldation  of  prinary  isobutene  product  at  Che  ozeygenatod 
interface  prior  to  its  release  as  acetone.  'When  isobutene  vapour  was 
ednixad  with  O2  carrier  gas  and  piisned  through  an  illualnatod-risobutanol/ 

Ti02  suspension,  no  significant  conversion  of  isobutene  Co  acetone  x;as 
dccectud  but  this  observation  could  be  understood  iC  gas-phase  isobutena, 

unliho  that  Corr»d  by  alcohol  dehydr.V'lon,  niver  resided  on  the  neCat  ■! 

I 

oxide  Hurfacu.  I 


Discussion 
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Efficient  abstraction  of  o-hydrogen  by  0 from  alcohols  has  | 
been  reported  in  homogeneous  systems  ' and  other  workers  have 
shown  that  dissociation  of  NaO  or  ZnO  results  in  formation  of 
surface  o”  radicals.  Consequently,  it  is  reasonable  to  interpret 
our  observations  of  added  dehydrogenation  product  at  (Alcohol  + NjO)/Z 
interfacesas  evidence  for  involvement  of  surface  0 fragments 
(from  NaO  dissociation)  in  dehydrogenation  of  adsorbed  alcohol. 


Such  surface  o"  species  would  be  coord ina timely  u.isaturated  and 
there  is  some  evidence,  at  least  for  ZnO  surfaces,  for  their 
Involvement  in  equilibria  of  type 
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t.u*:ct'ua  oi  nur  uenalttvii  on-llna  maaa  analyulu  in  dottiCtlr^j 
adJitinrul  doh3,.ie»>(onation  ci»  pririary  and  secondary  alcohols  itt 
uv- ilium inati^'d  Alcohol/onO  interf.tcoa  is  consiof.ont  vilth 
torpatton  oi  addxHonal  surface  0 by  photosjunoratod  holes  in 


accordance  with  such  equilibria.  A corollary  of  this  doscriotion 
of  active  surface  oxygen  sites  is  that  these  cannot  ba  involved 
in  dehydration  of  primary  or  secondary  alcohol,  since  extent  of 
their  dehydration  was  not  enhanced  by  illumination, even  on  the 
sensitive  on-line  analyser^ whereas  additions  of  NiO  in  the  static 
system  reduced  the  amount  of  dehydrated  product  (sea  Table  I) , 
Synchronous  loss  of  OH  and  H by  adjacent  carbon  atoms  at  matal- 
ion,  Lewis-acid  sites'  is  preferred  to  carbonium  ion  formation 
as  the  mechanism  of  dehydration,  since  no  ethers  were  found. 
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o*  various  products  Cron  ZnO  surfaces  alter  exposure 
to  alcohols  at  20°Ct 

Products  £:<m  Ethanol: 

(i)  H2(s)  product;  (ii)  ethylene;  (iii)  secondary 
products  atccibutad  to  ocotaldahyda  product. 

Products  froa  Iiopropanol; 
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^0.  Abstract  . 

Migwtion  of  energy  from  irradiated  semiconducting  solids  to  acceptor 
molecules  in  contact  with  the" solid  surface  has  been  experimentally 
examined  ,and  models  have  been  developed  to  account  for  the  extent-of- 
reaction,  kinetics  and  selectivity  observed.  Fast-detection  tech- 
niques have  been  developed  to  follow,  on  a time-scale  of  milliseconds, 
the  kinetics  of  'faAt'  proceasee  initiated  at  semiconducting  metal, 
oxide  surfaces  by  UV- illumination  and  studies  included  examination 
of  interfaces  between  Metal  cixides  and  Aqueous  Electrolytes  by  ESR, 
plus  the  study  of  Metal  Oxide/GAS  interfaces  by  a Dynamic  Mass 
Spectrometrio  technique.  Very  low  quantum  efficiencies  were  measured , 
for  photoassisted  processes  Involving  adsorption,  desorption  or 
reaction  of  gases  at  the  flash-illuminated  surfaces. 
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